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Investigation of magnetism and electrical properties of nano-sized particles 
has been a subject of interest in past years owing that their properties are deviated 
compared to their bulk. Perovskite oxide is one of the best materials to study 
such effect, since lattice distortion and non-stoichiometric form is allowed in the 
structure, depending on various stimuli, thus the material is potentially to appear 
with extraordinary variety of properties. For example, modulating electrical 
properties from insulating to metallic is possible. Therefore, investigation of a 
perovskite oxide in nanoscale order is become important. 
La2CuO4 (LCO) and SrTiO3 (STO) nanoparticles (NPs) were selected in this 
research work. LCO is basically a frontier of strong correlated materials of an 
antiferromagnetic (AF) Mott insulator. The strong electron-electron interactions 
makes the material to exhibit superconductivity, by introducing charge carriers 
to the system. As an AF and metal oxide, the LCO also potentially to have 
various applications such as spin-valve device and gas sensors, respectively. 
Moreover, STO also holds important electronic properties owing to its wide band 
gap, and, since it is an excellent substrate for epitaxial growth, physics of oxide 
heterostructure based on STO material is also of interest to be studied. To date, 
there are no details report on the magnetic and electric properties on free-
standing STO and LCO. By controlling the properties of such nano-sized system, 
the results obtained will become fundamental for further research work and very 
potential to be developed for future electronic and magnetic device applications.  
In the present work, free-standing LCO and STO NPs were synthesized by 
sol-gel method and its magnetic and/or electric properties were reported. Various 
method have been applied to synthesize a perovskite, such solid-state, co-
precipitation, sol-gel, hydrothermal and spray technique. Sol-gel was selected 
considering the products are finer, higher in purity, more controllable and easy 
to conduct. Morphological observation by field emission scanning electron 
microscopy (FESEM) showed that the NPs has spherical structure and their size 
could be controlled depending on the annealing condition during synthesis, the 
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size product is proportional with annealing temperature/time of synthesis. X-ray 
diffractometry (XRD) results indicating the minimum annealing condition to 
obtain LCO and STO phase at least at 600 ℃ for 45 min and 500 ℃ for 5 h, 
respectively. Additionally, the obtained smallest NPs have 69 nm and 21 nm size, 
for LCO and STO, respectively. 
Size dependent magnetic properties of LCO based compound was 
investigated by superconducting quantum interference device (SQUID) 
magnetometer, as a function of temperature and magnetic field. Magnetization 
enhancement was observed with reducing size. Additionally, the magnetism of 
LCO also was assessed in microscopic view by muon spin rotation (µSR) and 
the results showed drastically reduction of Néel temperature (TN) with 
decreasing size. The LCO NPs with 69 nm size has TN at about 60 K, compared 
to their bulk TN ≈ 300 K. Size effect also studied in the doped sample, the LCO 
is doped by Sr to exhibit superconductivity. Cancellation of superconductivity 
was observed in small particle size. 
 Electric properties of the fabricated LCO and STO NPs were also 
investigated. Firstly, electrodes separated with nanoscale gap were fabricated by 
electron beam lithography (EBL). The synthesized STO and LCO NPs were 
aligned at the electrodes by dielectrophoresis (DEP) technique. DEP is a 
technique to manipulate the movement of particles by applying non-uniform 
electric field, therefore the NPs bridging electrodes and electrical characteristics 
can be measured at various temperature. The results showed that the conductance 
of the samples increases with raising temperature, for both LCO and STO NPs 
samples. Two conduction mechanisms originating from hopping and tunneling 
appeared in the Arrhenius plot. 
 






Introduction and Literature Review 
 
1.1. General introduction 
This chapter provides the background, motivation and based knowledge 
gathered from literature as guidance on assessing and evaluating the work results. 
In here, the theory of magnetism and electric properties is presented, as well as 
the general properties of La2CuO4 (LCO) and SrTiO3 (STO). The advantages of 
using nanoscale material and the synthesis process will be reviewed as well 
focusing on nanoparticles. As sol-gel is the main method used in this work for 
nanoparticles formation, the theory of sol-gel process and several factors 
affecting in the technique will be reviewed in here as well.  
 
1.2. Nanomaterials 
Studies on nanoscale materials driven interest of researchers over the past 
decades owing their unique properties compared with their bulk. Nanomaterials 
are defined as a material with any external dimension in the nanoscale (size range 
from approximately 1 nm to 100 nm.1) If the material has internal nanostructure 
or surface nanostructure, it called nanostructured material.1) Nanomaterials can 
be classified as zero-dimensional (0-D), one-dimensional (1-D), two-
dimensional (2-D) and three-dimensional (3-D).2) The classification is based on 
the number of dimensions, which are confined to the nanoscale range (< 100 nm), 
as illustrated in Figure 1.1. The 0-D materials refer to the form of nanoparticles 
(NPs), which defined as a material which has nanoscale in three dimensions (x, 
y, z). The 1-D nanomaterials are a material which has two dimensions (x, y) at 
nanoscale, but other dimension (L) is not. The structure can be in the forms of 
nanowire, nanofibre, nanorod, nanobelt or nanotube.3) If only one dimension (t) 
at nanoscale and the others two dimensions (Lx, Ly) are not, it referred to 2-D 
nanomaterials. Similarly, 3-D nanomaterials refers to no bulk dimensions at 
nanoscale. The size range that holds so much interest is typically from 100 nm 
down to the atomic level, because it is in this range (particularly at the lower end) 
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that materials is expected to have different or enhanced properties compared with 
the same materials at a larger size. The two main reasons for this change in 
behavior are an increased relative surface area. As there are more surface atoms 
compared to the corresponding bulk, there are more interaction is built between 
the nanomaterials with the surrounding material, making the material more 
reactive and sensitive. As the size of matter is reduced to tens of nanometers or 
less, quantum effects can begin to play a role,2) and these can significantly 
change a material’s properties.  
The synthesis of nanomaterials can be classified as top-down and bottom-up 
process.2) Top-down process refers to the formation of nanomaterials by slicing 
the bulk material to nano-sized material, regularly done by attrition and/or 
milling process.4) Top-down process serves straight forward and better size 
control, but the process may damage to the crystallographic and leave 
imperfection on the surface structure. Differs from top-down process, bottom-up 
relates to assembling the nanomaterial from atom/molecules,5) generally referred 
as chemical synthesis. Some bottom-up process including sol-gel technique 
hydrothermal, anodic and thermal oxidation, chemical vapor deposition, 
pyrolysis, etc. In this work, perovskite oxides in the form of NPs are fabricated 
through sol-gel technique and its electrical and magnetic properties are 
investigated. 
 
Figure 1. 1 Illustration of 0-D, 1-D and 2-D nanomaterials 
 
1.3. Basic of magnetism 
Magnetism is the property of a material to be attracted or repelled by 
magnetic field. Every material exhibits some kind of magnetic behavior, but 
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different material respond to applied magnetic fields in different ways, either as 
magnetic or non-magnetic material. The magnetic behavior of a material under 
influence of an applied magnetic field can be classified as: (1) ferromagnetic, (2) 
superparamagnetic, (3) paramagnetic, (4) antiferromagnetic (AF) and (4) 
diamagnetic.6) Figure 1.2 shows the graph response of every magnetic behavior 
of a material under applied magnetic field, called magnetization curve M-H. 
Paramagnetic describes a phenomena where the magnetization in a material is 
attracted and follows the applied field proportionally, but are not able to retain 
the magnetic properties as the magnetic field is removed. The nature of 
paramagnetic are due to the presence of some unpaired electrons, even though 
some of defects in a material also the cause of paramagnetic, such as adsorbed 
oxygen species (O-, O2-, O3-), hole or electron trapping centers.7) Additionally, 
the magnetization curve of AF material also exhibit linear dependence of 
magnetization with the applied field, similar with paramagnetic material. 
However, usually AF material can be characterized by Néel temperature (TN): 
transition temperature where the AF change to paramagnetic behavior, usually 
observed in the temperature dependent magnetization at fixed applied field. 
Diamagnetism describes when the applied magnetic field causes a material 
become weakly magnetized in a direction opposite to the applied magnetic field. 
Some example of diamagnetic materials such as bismuth, water, mercury, quartz, 
alcohol, air, etc. Moreover, there is also kind of material that totally expel the 
applied magnetic field (perfect diamagnetism), namely superconductor, where it 
expulses magnetic field thus possesses magnetic levitation due to Meissner effect. 
Superconducting property usually occurs at low temperature (characterized by 
critical temperature (Tc)) and researchers now is still struggling to make the 
critical temperature of a superconductor material at ambient condition. 
Characteristic of diamagnetic, AF and paramagnetic are: 1) the curve is linear, 
2) the intersect line is zero and 3) the magnetization is irreversible.  
Ferromagnetic material (such as nickel, iron, cobalt) exhibits a strong 
attraction to the applied magnetic field and the material are able to retain their 
magnetic field, meaning if a ferromagnetic material is magnetized in one 
18 
 
direction, it will not back to the original when the magnetic field is removed. It 
must be forced back to zero by the opposite direction of magnetized and the key 
feature of ferromagnetic property is hysteresis loop. There are also a material 
with behavior superparamagnetic, which commonly appears in small 
ferromagnetic NPs, where a graph will be saturated at some point. Typical 
superparamagnetic material occurs in NPs sample. The reduction of size causes 
the magnetic anisotropy energy (energy that maintains particular orientation of 
magnetic moment) per NP decreases, therefore triggering the random flipping of 
the magnetic moment and influencing the maximum magnetization possible and 
may saturated become superparamagnetic.6) 
 
 
Figure 1. 2 Magnetic behavior under the influence of an applied magnetic field  
 
1.4. Magnetic nanoparticles 
Magnetic characteristics of NPs has driven interest of researchers owing 
these nanoscale magnets has unique physical properties, associated with surface 
and size effect.6) Size effects are attributed to the nano-metric size of the particles, 
while surface effects are related to the symmetry breaking of the crystal structure 
at the boundary of each particle.8) By experiencing size effect, the magnetic 
behavior of a material can be classified to superparamagnetic, single domain, 
pseudo-single domain or multi domain structure.9) As an example, in a 
ferromagnetic material, the coercivity is zero in superparamagnetic region and 
the maximum coercivity is attained in single domain region. Further decreases 
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with increasing size/change to multi domain region. Additionally, by reducing 
size, the magnetic transition temperature also reduced. As now the dimension of 
a material is reduced, the large number of surface area is developed and 
significantly affected the exchange interaction among surface atoms and 
affecting the magnetic transition temperature. 
Moreover, size reduction acquired the material to become more defective, 
particularly at surface and introducing some uncompensated spins.10) As these 
uncompensated spins are coupled to the magnetic spins of the core, it modified 
the physical properties of a material. In very small sample, the surface property 
may dominating the measured magnetic properties and could concealed the 
information about the core magnetic order.11) Park et al. investigated the effect 
of particle size on BiFeO3 material and found enhancement of magnetization as 
size is reduced.12) Bhowmik et al. also found similar improvement related to size 
effect on CoRh2O4.13) They proposed a core-shell model on explaining the 
magnetic characteristic of AF NPs. The core property is essentially AF and shell 
with uncompensated spins. When size is reduced, more and more numbers of 
shell spins is introduced and break the AF configuration. Consequently, there is 
a modulation of AF and less-AF magnetic regions and significantly contributes 
on the magnetization of sample. Zheng et al. investigated the magnetic properties 
of AF material CuO NPs with 5 nm size using muon-spin rotation (µSR) and 
magnetic susceptibility measurement and reported the suppression of TN to 30 K, 
while the bulk TN is about ~ 229 K.14) Size dependent TN also reported by Rinaldi-
Montes works in NiO material.15). Conversely, the properties of a material is also 
determined by size. 
 
1.5. Basic of electric property 
Related to the ability of a material to conduct electrical charge carriers, 
materials can be categorized into three different types: metal, semiconductor and 
insulator.16) The difference is illustrated by schematic band diagram in Figure 
1.3. In a metal, the valence band (VB) overlaps with conduction band (BC), thus 
electrons are free to move and easily promoting currents. In a semiconductor 
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material, the VB and CB are separated in the limited amount of band gap energy 
(Eg). The Eg is narrow enough and the electrons must be promoted to be excited 
from VB to CB by inducing photon or thermal energy in equal amount (or more) 
with the Eg. Insulator have identical band gap structure like semiconductor, but 
with a very large band gap and required large amount of energy to promote 
electrons to reach the CB, making the material non-conductive.  
Differentiating metal and semiconductor can also be determined by their 
resistance response against temperature. Characteristic of metal is, the resistance 
increases with temperature. As explained above, since the VB and CB of a metal 
is overlap, therefore, increasing temperature promotes more collision of 
electrons and generating heat, thus leads to the increase of resistance. Unlike 
metal, resistance of semiconductor decreases with increasing temperature. With 
increasing temperature, thermal energy promotes more electrons to be excited 
from VB and CB, in consequence more currents are generated.  
 
 
Figure 1. 3 Schematic band diagram of metal, semiconductor and insulator  
There are also material called Mott insulator, with strong electron interactions. 
The comparison of band insulator and Mott insulator is illustrated in Figure 1.4. 
According to the band theory, if the highest band is full-filled, it becomes an 
insulator and if it is half-filled, it is a metal. The band theory is fitted for material 
with low electron-electron interactions. A Mott insulator should be metallic 
because of the half-filled band instead insulating because of strong electron-
electron repulsion, namely strong correlated material. Example of strong 
correlated material such as NiO, La2CuO4, Fe3O4 and VO2. Mott insulator could 
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be changed to metallic property by various stimuli and driven interest in 
advanced physic research, although is not yet fully understood. One applications 
is such strong correlated system is superconductivity.  
 
 
Figure 1. 4 Illustration of band insulator and mott insulator 
 
Measurement of electric properties regularly done in a device equipped with 
metal electrodes. When a semiconductor are brought in contact with metal, a 
potential barrier is created at the interface due to difference in work function, 
thus transfer electrons from the metal to semiconductor is restrained or 
hindered.17) To allow the electrons cross the barriers (form a junction), the Fermi 
level must be in line at equilibrium. Metal with high work function is usually 
used if the semiconductor is p-type,17) such as Platinum (Pt), Nickel (Ni), and 
Gold (Au).18) Work function is defined as the required work from Fermi level to 
the vacuum level. In a p-type semiconductor, the hole is majority carrier and the 
Fermi level closes to VB, therefore metal with high work function is preferable 
to be used. In the same way for n-type semiconductor, metal with low work 
function is generally used, for example Aluminum (Al), Titanium (Ti), 
Chromium (Cr).  Moreover, heat treatment is also possible to improve electrical 
contact between metal and semiconductor.18) By heating, enhancement of 
bonding between metal to the semiconductor is induced, and, it is also well 
known most contacts in semiconductor devices are subjected to heat treatment, 
prior to adhering process.17) For example, electrical contact of Ti-Al contact was 





Dielectrophoresis (DEP) is a movement of a dielectric particles forced by 
non-uniform electric field.20) The technique is capable on separating, assembling, 
or sorting variant types of particles. DEP offers low cost and rapid process, since 
the system only requires electrodes, electric field gradient generator and 
suspending medium. As the electric field gradient induces to the particles in 
surrounding medium, the particle experiences DEP force, either be repelled 
(negative DEP) or attracted (positive DEP) to the higher electric field. The 
magnitude and direction of the particle movement depend on the relative 
polarization of the particles and the surrounding medium. For spherical particle, 
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Where F is dielectric force of DEP, r is the particle radius, m is the dielectric 
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 is the real part of the Clausius-
Mossotti factor, 
m
 is the complex dielectric constant of the solvent medium, 
p

is the complex dielectric constant of the particle and E is the gradient of external 
electric field.  
DEP is mainly utilized in biological sciences, such to separate cancer cells 
from healthy cells21) or trapping microorganism.22) Yang et al. controlled the 
trapping of bacteria cell by controlling the frequency and medium used.23) As 
illustrated in Figure 1.5, the increase of frequency caused the bacterial to be 
repelled [Figure 1.5 (a)], both repelled and attracted [Figure 1.5 (b)] and attracted 
[Figure 1.5 (c)] to the electrode. Equally important, it is also possible to control 
the negative and positive DEP by adjusting the medium used, where the 
condition of cell m   will result on positive DEP and condition of cell m   will 
exhibit negative DEP.23) However, the frequency and medium used are different 





Figure 1. 5 Negative and Positive DEP.21) (Open access article (free permission 
to reuse from BioMed Central Ltd.) 
Recently, DEP technique is also utilized to assembly nanostructure and 
measuring their electrical properties. Wang et al. aligned ZnO NWs by DEP 
technique and studied the effect magnitude and frequency of the applied electric 
field, as displayed in Figure 1.6.24) They reported that the rise of frequency 
caused NWs to tighter, straighter and more uniformly aligned at electrodes, as 
seen in Figure 1.6 (a) and (b), where magnitude of applied is responsible for the 
density of assembled NWs [see Figure 1.6 (c) and (d)].24) 
 
 
Figure 1. 6 Trapping of ZnO NWS. The magnitudes and frequencies were: (a) 
1 Vpp at 0.1 MHz, (b) 1 Vpp at 10 MHz, (c) 20 Vpp at 0.1 MHz, and (d) 20 Vpp at 
10 MHz. The scale bars correspond to 1 μm.24) (Reprinted with permission 




Perovskite is a compound with structural formula ABO3 or A2BO4 (with A 
and B are metals) and the crystal structure is illustrated in Figure 1.7. In the ideal 
form, the structure is cubic or nearly cubic (ABO3), but also possible to have 
close to tetragonal structure (AB2O4). This compound has high structural 
stability and the A or B cation can be substituted by an impurity (for example: 
A’) with different oxidation state or radius, allowing the variation of oxidation 
state of B and the oxygen vacancy,25) thus deviation of its stoichiometric form is 
allowed in perovskite material. 
 
Figure 1. 7 Crystal structure of perovskite with ABO3 (left) and AB2O4 (right) 
structure.25) (Reprinted with permission from ACS Publications)  
 
The main interesting characteristics of perovskite oxide material is the 
distortion of lattice, involving the rotation of the BO6 octahedral in the structure. 
This distortion derives depending on the temperature, pressure, dopant, or 
concentration of oxygen in the structure. Some distortions results on the change 
of ideal cubic form to orthorhombic, rhombohedral, hexagonal or tetragonal 
forms and the compound hence acquire several phase transitions. As 
consequence, the compound may acquire several phase transitions and exhibiting 
great variability of properties. This flexibility structure might able to 
accommodate the properties most all of the elements in the periodic system. As 
an example, modulating the electrical properties from insulating, 
semiconducting and metallic behaviors is possible to be had in one material, 
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under various stimuli.26) For that reason, this compound is considered as the best 
oxide material to be studied. Therefore, by fabricating a perovskite material in 
nanoscale order is one interesting topic to be investigated. These benefits might 
fulfil the demand of technology advancement in magnetic and electronic devices.  
 
1.6.1. Lanthanum cuprate  
Lanthanum cuprate (La2CuO4/LCO) is a perovskite oxide material contains 
trivalent La and divalent Cu. The compound exhibits insulating property instead 
of metallic due to electron-electron interactions, even though conventional band 
theories indicates LCO is metallic.27,28) Therefore, the material is classified as a 
Mott insulator. Regularly, the crystal structure of LCO adopt K2NiF4 type-
structure with oxygen sharing (CuO6) in the structure consists of a stacking of 
single CuO2 plane embedded with multilayers of LaO along c axis, as illustrated 
in Figure 1.7 (right part). The CuO2 and LaO layers act as conducting and 
insulating layers respectively.29) Hord et al. studied the variety of phase 
transitions in LCO material, and the XRD profiles (measured with λ = 70.930 
pm) of all possibility LCO phase is shown in Figure 1.8.30) There are three 
different crystal structure in LCO: 1) T’, 2) tetragonal and 3) orthorhombic 
structure, and can be distinguished by observing the peak at ~ 15º. At room 
temperature, the LCO has orthorhombic structure [see Figure 1.8 (c)] and 
changed to tetragonal structure [Figure 1.8 (b)] upon heating at above 723 K. 
The transformation is reversible and the changed could be identified by splitting 
peak at ~ 15º. Moreover, there is also a metastable T’ phase [Figure 1.8 (a)], 
where the synthesized processes done through different moderate synthesis 
temperature technique, with molten metal hydroxide as starting material.30,31). 
However, the T’ phase transformation is irreversible, it transforms to tetragonal 





Figure 1. 8 Powder pattern of LCO with (a) T’, (b) tetragonal and (c) 
orthorhombic structure from up to bottom.30) (Reprinted with permission from 
Wiley publishing) 
In stoichiometric form, LCO is an AF Mott insulator.32) Budnick et al. 
investigated the magnetic properties of LCO by µSR technique and found the 
bulk LCO is AF with TN is about 250 K,33) followed by Saylor et al. work, 
reported the TN of bulk LCO is about 317 K.34) Recently, Storchak et al. also 
conducted similar experiment, with the obtained TN at about 300 K.35) However, 
the properties of LCO was reported very sensitive to the stoichiometry of the 
compound,36,37) since it is easy to be introduced by oxygen and influenced by 
sample fabrication process.38) Uchida et al. studied about the electric properties 
of bulk LCO and the resistivity increased at low temperature, proving the bulk 
LCO is semi conductive.36) In contrast, a study of LCO electrical transport by 
Lin et al., the  LCO synthesized by plasma sintering at temperature above 875 ℃ 
shows metallic property, where the other sample annealed lower than 875 ℃ 
shows weak temperature dependent electrical resistivity.39)  
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Through incorporation of charge carriers, the properties of LCO drastically 
changed. The great interest studies of LCO based compound aroused since it is 
a starting system of high temperature superconductive material, as discovered 
first by Bédnorz and Muller in La-Ba-Cu-O system.40) Since the evolution of 
high temperature cuprate superconductors, LCO based compound were deeply 
studied due to its simple structure.32) Typically, superconducting property is 
generated from LCO system through incorporation of metal dopant (M = Ba2+, 
Sr2+ or Ca2+) to the structure [La2-xMxCuO4 (LMCO)]. By replacing some La ions, 
charge carriers are introduced to the conduction layer and different property 
appears. Figure 1.9 shows the typical phase diagram concentration of LCO doped 
by metal and oxygen. Upon metal doping (i.e. Sr) [see Figure 1.9 (a)], there are 
three main regions in the phase diagram: (1) under doped, (2) optimum doped 
and (3) over doped region.27) In under doped region (x < 0.05), the AF property 
of sample will be vanished at around x ~ 0.02, following by disordered magnetic 
moment (i.e. spin-glass state) at around 0.02 < x < 0.05. The optimum doped to 
exhibit superconducting property will be at 0.06 < x < 0.30, and the over doped 
region (x > 0.03) vanishes the superconductivity. The superconducting property 
is regularly characterized by critical temperature (Tc); the transition temperature 
for superconductivity occur. The maximum Tc in LCO compound when the 
doping level is set at x = 0.015 with Tc = 40 K. Typical magnetic susceptibility 
measurement in La-Ba-Cu-O system at superconducting region is as displayed 
in Figure 1.10, reported by Gugucia et al.41) They studied the effect of hydrostatic 
pressure on the Tc in La-Ba-Cu-O system. As seen the value of y axis is negative, 






Figure 1. 9 Comparison of phase diagram for: (a) La2-xSrxCuO4 and proposed 
La2CuO4+y.27) (Reprinted with permission from American Association for the 
Advancement of Science) 
 
Figure 1. 10 Temperature dependent magnetic susceptibility with various 
applied hydrostatic pressure showing expulsion of magnetic field.41) (Open 
access journal – free permission to reuse from IOPscience publishing) 
Hole also can be induced to LCO by inserting oxygen. In the case of metal 
dopant, the replaced metal will immobile in the structure. Different with metal 
dopant, oxygen will occupy interstitial site due to its small atomic radius, hence 
it is very mobile in the structure.27) For each oxygen interstitial introduced, two 
Cu2+ ions become Cu3+ ions. Wells et al. proposed phase diagram for oxygen 
doped of LCO [see Figure 1.9 (b)],27) even though there are still many miscibility 
gaps and needs further investigation for oxygen doped LCO. There are two main 
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regions: (1) oxygen poor phase (y < 0.01) and (2) oxygen rich phase (y > 0.55). 
In the region of oxygen poor phase (stage 1), the structure is still orthorhombic 
phase, similar with the undoped LCO. In the case of oxygen rich phase region 
(stage 5), superconductivity occurs and the authors proved that the structure has 
an additional super lattice peaks. The authors also could synthesized sample up 
to y ~ 0.1 and proposed the staging behavior in y > 0.55 (stage 4, 3 and 2), but 
the exact oxygen is not measured. Preliminary result showed that at these stages, 
the LCO still exhibits superconductivity, with Tc as high as 45 K. Upon doping 
of LCO by metal/oxygen to the superconducting region level, the material 
showed metallic property, with resistivity decreases to zero at temperature below 
Tc.42,43)  
 
1.6.2. Strontium titanate (STO) 
Strontium titanate (SrTiO3/STO) is a perovskite oxide material contains 
divalent Sr and tetravalent Ti. The crystal structure of STO is cubic at room 
temperature, and every Sr2+ ions are enclosed with four TiO6 octahedral, as 
illustrated previously in Figure 1.7 (ABO3 structure). STO undergoes phase 
transitions from cubic to tetragonal at 105 K,44) continued by the transition of 
tetragonal to orthorhombic at 37 K.45) 
STO is a promising material to be used in oxide electronic device, owing to 
its high dielectric constant and wide band gap. The indirect and direct band gap 
of STO are about 3.25 and 3.75 eV, respectively.46) At room temperature, STO 
has high dielectric constant,47) therefore prospect to be utilized as good insulator 
and high charge storage capacitor.48) In the case of electric properties, the 
increase of oxygen vacancies on STO were reported enhancing the 
conductivity.49) At certain electron doping level, even STO is also possible to 
exhibit superconducting property.50) Additionally, since STO is an excellent 
substrate for epitaxial growth of various oxide based thin films, physics of oxide 
heterostructure based on STO material is also driven interest of researchers in 
the past years.51) Epitaxial growth is assigned as a method to grow another thin 
film on a substrate, where the overlaying material is expected to have the same 
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crystalline orientation with the substrate used. For example, complex oxide 
LaAlO3/SrTiO3 at the interface exhibits superconductivity.52) Grown STO on Si 
substrate could be used as gate dielectric material.  
 
1.7. Synthesis of perovskite oxide 
Various method have been employed to synthesize perovskite oxide. The 
most common synthesis methods includes solid-state, co-precipitation, 
hydrothermal, spray pyrolysis and sol-gel. In the case of solid-state process, the 
process started by combining two or more oxide powders/carbonates/salts 
mechanically, and continued by heating at temperature at above 1000 ℃. At 
elevated temperature, diffusion of each solids ions toward to the interface occurs 
to form new mixed oxide. Moreover, co-precipitation is a conversion process 
from the soluble substance in the solution into an insoluble (solid) by addition of 
another chemical (precipitant).53) The reaction between the precipitant and the 
solution forms a precipitate which can be extracted out and removed, and 
subjected to heat treatment. 
There are also techniques of perovskite synthesis but additional set up of 
experiment must be installed such hydrothermal and spray pyrolysis. 
Hydrothermal process involves the combination of critical temperature of the 
material with boiling temperature of water or another solution synthesis 
(typically water is used) and usually done in special set up high pressure vessel.54) 
Spray pyrolysis uses based on fast vaporization of metal precursors in the form 
of small droplets and sprayed to a heated surface. Among perovskite synthesis 
methods above, the comparison is summarized in Table 1.1. Here, sol-gel is 




















Solid-state Poor > 1000 Poor 1000 ℃ Moderate 
Co-
precipitation 
Good > 10 Good 500-1000 ℃ High  
Sol-gel Very good > 10 Very 
good 
500-1000 ℃ Moderate 
Hydrothermal Very good > 100 Very 
good 





Very good > 10 Very 
good 
700-1000 ℃ Low 
 
1.8. Sol-gel 
Sol-gel chemistry is a ceramics synthesis via modification of liquid 
precursors through sol formation to a network structure called a gel.62) Solids and 
another solids matter does not react each other except there is sufficient energy 
is supplied. The view point of sol-gel synthesis is to dissolve compound in a 
liquid and turn it again to a solid, accordingly multi component compound with 
a controlled stoichiometry can be fabricated. Sol-gel has attracted attention 
researchers in the world since it offers considerable advantages such as high 
purity of product, good homogeneity, and controllability of product size with the 
ability to be shaped in various form.56) Sol-gel comprises gradual processes 
whereby the development of ceramics will follow several stages: 1) synthesis of 
sol, 2) formation of gel, 3) drying the gel and 4) heat treatment, as illustrated in 
Figure 1.11. 
 
Figure 1. 11 Stages in sol-gel process 
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1.8.1. Synthesis of sol 
Sol is a chemical reaction where two or more substances are combined 
together to form a colloid. The precursors used usually are metal alkoxides (M-
OR, M is the metal atom and R is organic substituent), such as metal nitrate, 
metal citrate or metal chloride. The chemical bonding of the precursors is 
subjected to be raveled through hydrolysis (Equation 1.2) and polycondensation 
(Equation 1.3 and Equation 1.4), leads to the formation of M-OH and M-O-M. 
The reaction initially undergo in the presence of water, and the rate can be 
controlled when acid/base catalyst. Buckley and Greenbalt reported that acidic 
condition favored slower hydrolysis compared to base condition, but served finer 
product.57) Accordingly, this stage is affected by the ratio of water to the 
precursor as well as the concentration of the catalyst. 
 
Hydrolysis 
2M OR H O M OH R OH     
………………………………………….(1.2) 
Polycondensation 
M OR M OH M O M R OH        …………………………………. ..(1.3) 
2M OH M OH M O M H O       ………………………………………(1.4) 
 
1.8.2. Formation of gel 
Gel is a semi rigid mass, forms when the sol starts to evaporate and the 
particles merge together creating a network. This stage involves syneresis or 
aging, where the continued condensation leads to increased viscosity of the 
precursors. In most alkoxide systems, the sol should be aged for a few hours to 
a few days. Organic molecules are added as chelating agent and/or fuel, to 
enhance the stability of the precursors, enhancing metal ion binding, as well as 
prevent precipitation of individual hydroxides. Every organic molecules used 
behave differently to the reaction and influence the end of products. Citric acid 
(CA) is the common used as the fuel, since it is inexpensive, abundant and 
effective chelating agent.56) Rudissil et al. studied the effect of chelating agent 
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(CA, ethylene glycol (EG), malic acid (MA) and glycerin (G)) on the 
morphology of Ce0.5Mg0.5O1.5 and the SEM images are presented in Figure 
1.12.58) It can be seen that the morphology is varied as the chelating agent is 
changed. As CA was used in the synthesis [Figure 1.12 (a) and (b)], sphere like 
particles formed and by replacing CA, the morphology became merged together 
[Figure 1.12 (c) and (d)].  
 
 
Figure 1. 12 SEM images of Ce0.5Mg0.5O1.5 samples prepared at a 2:1:1 molar 
ratio of: (a) EG :CA:TMI (total metal ions), (b) G:CA:TMI, (c) EG:MA:TMI 
and (d) G:MA:TMI. (Reprinted with permission from American Chemical 
Society) 
Moreover, tuning the pH is also crucial to keep the homogeneity and stability 
of solutions. Generally, ammonia based compounds (ammonia, urea, ammonium 
hydroxide, ethylene diamine) are used, since it supplies N to the precursors and 
enhancing combustion process during heat treatment in the next step.56) 
Precursor’s pH also influences the aging time and how glassy is the gel. By 
controlling the viscosity, a variety of shape can easily be controlled.  
 
1.8.3. Drying the gel 
After homogeneous networking gel is formed, drying the gel is necessary 
since now the metals are well bonded. Drying serves removing the liquid phase 
from the gel and volume shrinkage occurs. Typically, water is the product after 
34 
 
condensation process, then evaporation of water can be done by heating at 
temperature > 100 ℃.  
 
1.8.4. Heat treatment 
Formation of most metal oxides requires heat treatment otherwise 
precipitation of individual hydroxides and/or amorphous oxides will remain. 
Heat treatment purposes on: 1) removal of M-OH surface, 2) decomposition of 
organic matters and 3) crystallization.  Annealing at low temperature at about 
200-400 ℃ is probably necessary to decompose all the organic matter before 
further crystallization at higher temperature. Mali et al. confirmed the 
decomposition in their work nitrate-citrate sol-gel based compound, indicating 
by large weight loss of about 70 % at 205 ℃ from thermogravimetric analysis 
(TGA) result.59) Crystallization on occurs at about 400-900 ℃, depends on the 
nature of material itself. Joshi et al. studied the effect of annealing temperature 
on the formation of Zn0.95Cr0.05O NPs and reported that higher annealing 
temperature provides bigger particle.60) TEM images in Figure 1.13 shows that 
particle size of the synthesized sample at 450, 600, and 700 ℃ are found to be 
about 10–20 nm [Figure 1.13 (a)], 10–30 nm [Figure 1.13 (b)] and 10–35 nm 
[Figure 1.13 (c)], respectively.   
 
 
Figure 1. 13 TEM images of Zn0.95Cr0.05O NPs annealed at: (a) 450, (b) 600 and 




1.9. Problem statement 
The present work is aimed for the formation of free-standing LCO and STO 
NPs through sol-gel technique and to investigate its electric/magnetic properties 
is investigated. The structure formed (i.e. NPs) has advantages since it has high 
surface area, therefore the change of properties compared to their bulk is 
expected. Sol-gel is selected as the synthesis method considering the 
homogeneity and purity is high and size is controllable. Hydrothermal and spray 
technique may the best choice in term of product, but the experiments need 
additional set up, impact to the cost of set up. Therefore, here, sol-gel is 
considered the best choice since it is a chemical synthesis, the cost will be less 
expensive. By using this method, the size of LCO and STO NPs is aimed on 
controlling the size of NPs. 
Size dependent magnetic/electric properties on nano-sized LCO based 
compound is investigated here. LCO is an AF Mott insulator, means it holding 
important properties in strong correlated system. One of the most important 
applications in such strong correlated system is superconductivity, even though 
the nature of the material is still metal oxide and antiferromagnetic material, thus 
which offering more widely applications. In the case of cuprate, superconducting 
transition temperature can be pinned by adding more layers of CuO, such in 
YBa2Cu3O7 and HgBa2Ca2CuO3Oy. Therefore, here also remain understanding 
on how the electric and magnetism changed in nano-sized of such strong 
correlated system. LCO is considered the best prototype to be studied, since it 
has simple structure (only single CuO layer), and, to date, there are still limited 
information for synthesis of LCO NPs and its properties. Therefore, controlling 
the magnetic and electric properties of nano-sized AF Mott insulator material is 
essentially fundamental and might also related on understanding to others 
cuprate or strong correlated system.  
Moreover, electrical properties of free-standing of STO NPs is also studied. 
Various electric properties based on STO material is ranging from insulator to 
metal, memristive behavior, ferroelectric, and, even to superconductivity, which 
makes the material important and very potential to be utilized for future 
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electronic device applications. So far the most interest studies of STO is the 
physics of STO based heterostructure in the form of thin film, where the oxide 
interface give arises to unique electrical properties. In the case of free-standing, 
only limited to dielectric properties was reported since STO has wide band gap 
and potentially to be used as capacitor. By controlling the properties of free-
standing STO NPs, the result obtained become essential and fundamental for 
further research work in nano-sized heterostructure or other nano-electronic 
device applications.  
 
1.10. Objectives study 
The main aims of this research are: 
1. To find an optimum condition to synthesize the controlled size of free-
standing LCO and STO NPs based compound by sol-gel method. 
2. To investigate the magnetic and/or electric properties of the synthesized 
STO and LCO NPs based compound. 
 
1.11. Research scope 
In this research work, the main aspects to discuss are the electric and/or 
magnetic properties of LCO NPs and STO NPs based compound synthesized by 
sol-gel method. The scope of this study covered: 
1. The LCO NPs and STO NPs based compound were synthesized by sol-gel 
method. Aspect was studied in synthesis process is how to control the 
material size to nanoscale. 
2. The LCO NPs were characterized by Field Emission Scanning Electron 
Microscopy (FESEM), X-ray Diffractometry (XRD), and Transmission 
Electron Microscopy (TEM). 
3. The electric properties of the samples were investigated based on trapping 
low temperature probing system. Prior to this measurement, the LCO NPs 
were assembled at electrodes by DEP method. The electrodes itself was 
fabricated by electron beam lithography (EBL). 
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4. The magnetic properties of the samples were measured by superconducting 
quantum interference device (SQUID) magnetometer.    
5. At this moment, the oxidation state of sample is temporary put as future 
work and will be analyzed by X-ray photoelectron spectroscopy. 
 
1.12. Outline of thesis 
This thesis is consisted of eight chapters. Chapter one explains the 
introduction and literature review covering the theory and literature related to the 
involved works, research motivation, objectives and study scope of this work. 
Chapter two deals with the materials, chemicals used and experimental 
procedures. This chapter includes the design of experiment, synthesis process of 
LCO and STO NPs by sol-gel process as well as the experimental set-up of 
electric and magnetic properties measurement. The characterization techniques 
and its working principle are also included in this chapter.  Chapter three, four, 
five, six and seven focus on presenting the overall results and analysis in the 
form of journal template. The chapters are organized to introductory paragraph, 
experimental procedure, results and discussion, conclusion. Chapter eight states 
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This chapter explains the information of the raw chemicals, materials and the 
experimental procedure of this research works. This chapter is divided into three 
main parts: (1) materials and chemicals used, (2) the procedure for sample 
synthesis, (3) the characterizations of the fabricated sample including electric 
and/or magnetic property measurements. The experimental procedure of this 
research work is illustrated by flow chart in Figure 2.1. 
 
 













2.2. Chemical and materials 
The materials and chemical used in this research are presented in Table 2.1 





Function Supplier Remarks 
Lanthanum 
Oxide 





Cupric Oxide CuO Precursors Wako Purity: 99.9% 
MW: 79.55 gr/mol 
Strontium 
Carbonate 













Nitric Acid HNO3 Solvent Wako Concentration: 
70% 
MW: 63.01 gr/mol 
Ethylene Glycol C2H6O2 Surfactant Wako Purity: 99.5% 
MW: 62.07 gr/mol 
Citric Acid 
Monohydrate 









MW: 17.03 gr/mol 
Ethanol C2H6O Solvent Wako Purity: 99.5% 
MW: 46.07 gr/mol 










































2.3. Synthesis of LCO 
A stoichiometric amount of La2O3 and CuO powders were used as raw 
materials. Due to possibility interaction to air, the La2O3 was first dried at 700 °C 
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for 2 h. The dried La2O3 and CuO powders then were dissolved in an appropriate 
amount of HNO3 separately to achieve the nitrate forms (La2(NO3)3 and 
Cu(NO3)2). These solutions were mixed under continuous magnetic stirring until 
the color changed to light blue. The organic matters used were citric acid and 
ethylene glycol with mass ratio 3:2 and the pH of the solution was adjusted to 7 
by NH3 water solution. First, the solution precursor was evaporated at 150 ℃ for 
1 h and continued at 300 ℃ for 3 h to decompose all the organic matters. 
Thereafter, crystallization was then performed by further post-annealing at 500-
800 ℃ with heating rate 10 ℃/min, as illustrated in Figure 2.2. The final product 
was ground for 1 h using agate mortar until obtaining well-homogeneous fine 
powder. The overall synthesis process is illustrated in Figure 2.3. 
 
 





Figure 2. 3 Schematic illustration of LCO NPs synthesis by sol-gel method 
 
2.4. Synthesis of La2-xSrxCuO4 
Several La2-xSrxCuO4 (x = 0.2) (LSCO) samples with different particle size 
were synthesized by same process as explained in Section 2.3. The different part 
is only in starting material, with the addition of Sr. Raw materials and mole ratio 








Table 2. 2 Raw materials and mole ratio calculation 
Raw Materials La2O3 SrCO3 CuO 
Mole Ratio 2-x x 1.00 
 
2.5. Synthesis of La2CuO4-y 
To study the effect of electron doping, the LCO samples were subjected by 
post-annealing under Ar, to obtain La2CuO4-y (LCO4-y), respectively. Several 
LCO samples were placed in the furnace and post-annealing was done with 
heating up rate 10 °C/min at 450 °C for 24 h. Before the annealing is started, 
argon gas was supplied into the furnace first for 15 min, to remove the air existed 
in the furnace. The Ar flow was stopped when the temperature was naturally 
cooled down to room temperature. 
  
2.6. Synthesis of STO 
A stoichiometric amounts of SrCO3 and C12H28O4Ti as starting materials 
were dissolved in an appropriate amount of diluted citric acid (CA) solution at 
80 ℃, to yield metal citrate as a precursor. Then, CA and ethylene glycol (EG) 
at a mass ratio of 3:2 were added into the precursor with magnetic stirring. The 
mixed precursor was heated at 150 ℃ followed by annealing at 400-800 ℃ for 
5 h in air, and grinding for about 1 h using an agate mortar to obtain very fine 
powders. The impurity phase existing in the sample was removed by washing 






Figure 2. 4 Schematic illustration of STO synthesis by sol-gel method 
2.7. Parameter studied in LCO and STO synthesis 
In this parameter, the annealing temperature was varied from 400 to 800 ℃. 
The samples were placed in a furnace and were annealed with heating up rate 
10 ℃/min and naturally cooled down to room temperature. The purpose of this 
parameter is to investigate the minimum annealing temperature needed to 
synthesize LCO and STO phase. The summary of this parameter is presented by 
Table 2.3, Table 2.4 and Table 2.5.  
 
Table 2. 3 Summary of parameters used to study the effect of annealing 
temperature in LCO synthesis 





500 oC Pre-annealing: 300 oC for 3 h 
Synthesis pH: 7 
Annealing environment: Air 
Heating up rate: 10 °C/min 
Heating down rate: Naturally cooled to 
room temperature 







Table 2. 4 Summary of parameters used to study the effect of annealing time in 
LCO synthesis 





0 min Annealing environment: Air 
Heating up rate: 10 °C/min 
Heating down rate: Naturally cooled to 
room temperature 





Table 2. 5 Summary of parameters used to study the effect of annealing 
temperature in STO synthesis 





400 ℃ Synthesis pH: 2 
Annealing environment: Air 
Heating up rate: 10 °C/min 
Heating down rate: Naturally cooled to 
room temperature 







Several characterization techniques were performed to know the properties 
of fabricated sample. The morphology of LCO and STO NPs was observed by 
Field Emission Scanning Electron Microscope (FESEM). For advance 
morphology observation, Transmission Electron Microscope (TEM) was used. 
For phase identification purpose, the sample was examined by X-ray Diffraction 
Spectrometry (XRD) method.  
 
2.8.1. Scanning electron microscopy 
Scanning electron microscopy (SEM) is an imaging characterization 
technique used to obtain the information of about morphology and topography 
of a material.1) The working principle of this technique is started with the 
generation of very high field emission electron by electron gun which 
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furthermore the beam will be adjusted by a magnetic coil to scan the sample. In 
this research work, the morphology of the synthesized LCO and STO was 
observed by field-emission scanning electron microscope (FESEM) model 
Hitachi S-5200 and/or S-3400 (see Figure 2.5) with acceleration voltage at 5 KV. 




Figure 2. 5 Photograph of SEM machine 
 
For quantitative analysis, the FESEM images was examined by Image J 
Software to measure the diameter of the sample. The diameter was measured 
from one end opposite to the top surface of each particle. In this thesis, all the 
measurement values using the average value of data.  
 
2.8.2. X-ray diffraction spectrometry 
X-ray diffraction (XRD) is one quantitative and qualitative characterization 
techniques used to analyze crystalline material.1) The working principle of this 
method is based of incident x-ray beam with wavelength λ that bombard lattice 
planes in a crystal planes at an angle θ. This process can be described by Bragg’s 
Law as expressed in equation 2.1. 
 




Where n is integer number, λ is the wavelength of x-ray radiation, d is the 
distance of lattice planes and θ is the angle of incident beam and lattice planes. 
In this research work, x-ray diffractometer (Rigaku RINT-2100) with Cu Kα 
radiation 40 kV (λ = 0.154 nm) was used for phase and crystal analysis of the 




Figure 2. 6 Photograph of XRD machine  





  …………………………………………………………….. (2.2) 
where D is the crystallite size, k is the Scherrer constant (0.9), λ is the wavelength 
of Cu Kα, and β is the full-width at half maximum (FWHM) of XRD peaks which 
corresponds to the difference in FWHM of measured diffraction peaks, and the 




2.8.3. Electric property measurement 
2.8.3.1. Nanogap electrode fabrication 
A nanoscale gap electrode was fabricated via EB lithography method, with 
SiO2 as the substrate. Firstly, the device pattern was designed by software 
AutoCAD before the process. After that, EB resist solution (gL 2000:anisole = 
1:1) was spin coated to the substrate with speed 5000 rpm for 40 s and pre-baked 
at 180 ℃ for 3 min. The electrode patterning was performed by EB machine 
model Elionix ELS-7500, as shown in Figure 2.8. The beam amplitude was 30 
nA and developed by ZED-N 50 solution for 5 min continued by MIBK:IPA for 
15 sec, then rinsed by distilled water. The material of electrode was Pt/Ti with 
thickness 24/6 nm that depositing by sputtering machine model Miller CFS-4EP-
LL. The resist then was removed by dimethyl-sulfoxide at 80 ℃ for 40 min under 
sonication process. Overall EBL process is illustrated in Figure 2.8.  
 
 





Figure 2. 8 Schematic illustration of nano gap electrode fabrication by EBL 
 
2.8.3.2. Dielectrophoresis 
The LCO NPs and STO NPs were assembled at the edge of electrodes by 
dielectrophoresis (DEP) method. Firstly, small amount of the LCO and STO NPs 
powder was diluted into ethanol. Centrifugation was performed to the suspension, 
prior to avoiding the agglomeration of particles. Secondly, the suspension then 
was casted to the electrode device and wait until dried naturally, as illustrated in 
Figure 2.9. During casting, AC voltage was applied by function waveform 
generator model WW 2074 manufactured by Tabor Electronics on an electrode 
to generate the non-uniform electric field, with phase difference 180°. The 
voltage and frequency used were Vpp = 10 V and f = 1 MHz respectively. The 
trapping process was finished if the cast solution have dried. After that, the 
device was heated at 450 ℃ under Ar atmosphere, prior to improve the electrical 




Figure 2. 9 Schematic illustration of particles trapping by DEP method 
 
2.8.3.3. Electrical characteristics   
The electrical characteristic of samples were investigated by tailor-made 
probing system, equipped with cryogenic freezer, to conduct an I-V measurement 
at low temperature. The photograph of the machine is displayed in Figure 2.10. 
The current-voltage data were recorded using Keysight Agilent 4156 A 
semiconductor parameter analyzer, as a function of voltage as well as I-V at 
various temperature, ranging from 15 to 300 K. All measurement were 






Figure 2. 10 Photograph of probing system equipped with cryogenic freezer 
 
2.8.4. Magnetic property measurement  
2.8.4.1. SQUID magnetometer 
The magnetic property were measured only to LCO samples by 
Superconducting Quantum Interference Device (SQUID) magnetometer 
Quantum Design MPMS XL Model M 107-3 TKIR. SQUID is known as the 
most sensitive instrument to sense the magnetic property which has 
demonstrated field resolution at the 10-17 T level.2) The working principle of a 
SQUID magnetometer is based on flux quantization within a superconducting 
loop due to Josephson junctions.3) SQUID magnetometer consists of two 
superconductor materials separated by thin insulating layers to experience two 
parallel Josephson junctions, as illustrated in Figure 2.11.  
 
 
Figure 2. 11 Josephson junction principle 
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In the DC Josephson effect, the electrical current density through a weak 
electric contact between the two superconductors depends on the phase 
difference (∆φ) of the two superconducting wave functions, which influenced 
upon the change in magnetic flux. Therefore such structure results on a current 
proportional to the phase difference of the wave function can flow in the junction, 
in the absence of the voltage. Therefore, such a structure can be used to convert 
magnetic flux into an electrical voltage. If a constant biasing current is 
maintained in the SQUID magnetometer, the measured voltage oscillates with 
the changes in phase at the two junction. Counting the oscillations allows the 
magnetic flux change to be evaluated. 
In sample preparation, all used tools must be non-metal based, because 
SQUID is very sensitive machine, even small amount of metal will influence the 
magnetic measurement. There are two main items used for preparing the sample, 
there are a capsule and clear plastic straw. Firstly, the weight of sample was 
recorded because the magnetization result need to be normalized [i.e. mass 
magnetization (emu/g)]. Secondly, place the sample in a capsule (approximately 
half of capsule at the bottom part) and a wad of cotton can be placed at the top 
part of capsule to hold the sample orientation. Thirdly, poke a small hole in the 
top of the capsule to allow air to be pumped out. Next, the capsule was put in the 
middle of a plastic straw. The capsule then placed properly at the center of a 
plastic straw, otherwise it will move during the measurement.  
There are two types of magnetic measurements: (1) M-H and (2) M-T 
sequences. M-H is a measurement of magnetization (M) as a function of applied 
magnetic field (H). In this measurement, the temperature is fixed at certain 
temperature and M is recorded as a series of applied magnetic field (H) values. 
M-T is a measurement of magnetization as a function of temperature (T). In this 
measurement, two measurement were done: 1) the applied magnetic field is fixed 
at certain value and M is recorded as a series of temperature, from 6 K to 300 K, 





2.8.4.2. Muon spin rotation 
Muon spin rotation (µSR) is an advance technique to investigate magnetic 
properties in microscopic view. In µSR technique, polarized muons are 
embedded into a sample, therefore the polarization promotes in the local 
magnetic field, until they decay. Since muon has positive charge, it located at an 
interstitial site and parity violation interaction decay occurs. Muon decays to 
positron and two neutrinos. The decay positrons are collected by detector and 
time dependence of the muon spin depolarization function can be recorded, 
which reflect the distribution of magnetic fields at the muon site.  
In this research work, zero field (ZF-µSR) were perfomed in Japan Proton 
Accelerator Research Complex (J-PARC) installed at the RIKEN-RAL Muon 
Facility. The µSR time spectra are interpreted by asymmetry parameter [A(t)], 
which obtained from the ratio of numbers of positron detected by the forward 
[F(t)] and backward [B(t)] counters at t time:  [A(t) = (F(t) – αB(t)]/[F(t) + αB(t)], 
and all time spectra are corrected by calibration factor α during analysis. The 
µSR time spectra was fitted by Eq. 1:  
𝐴(𝑡) = 𝐴1 cos(𝛾𝜇𝐻𝑖𝑛𝑡𝑡 + 𝜙) 𝑒
−𝜆1𝑡 + 𝐴2𝑒
−𝜆2𝑡…………………………… (2.3) 
First and second terms correspond the muon-spin precession component and fast 
depolarizing component, respectively, with A1 and A2 are the initial asymmetries 
of each component. 
 
 
2.8.5. Thermal analysis 
Thermogravimetry Analysis (TGA) is a thermal analysis technique that 
measure the mass change of a sample with temperature.1) The application of this 
TGA technique is to analyze decomposition of material and thermal stability 
through mass change as a function of temperature or time in a controlled 
atmosphere. Here, TG-DTA Rigaku Model TG8120 (see Figure 2.12) was used 
to estimate the oxygen content based on the change of weight of the sample. The 
oxygen content was estimated for LCO4-y sample, since the sample was subjected 
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for electron doping by post-annealing at 450 ℃ for 24 h under non-oxygen 







where Δδ, Ms, Mo, ws are the change of oxygen content, molecular weight of 
the sample and oxygen and the weight of sample, respectively. 
 
 
Figure 2. 12 Photograph of TG-DTA machine 
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Size Controlled Synthesis of La2CuO4 and SrTiO3 Nanoparticles 
by Sol-Gel Technique 
 
3.1. Abstract 
The formation of lanthanum cuprate (La2CuO4/LCO) and strontium titanate 
(SrTiO3/STO) nanoparticles (NPs) was systematically studied via sol-gel method.  
Parameter studied in the fabrication process including acid catalyst, pH and 
annealing condition was assessed. The results obtained by field emission 
scanning electron microscopy and X-ray diffraction method show that the 
required minimum annealing condition to fabricate pure LCO NPs and STO NPs 
was at 600 ℃ for 45 min and 500 ℃ for 5 h, respectively. The size of the product 
could be successfully controlled from nanoscale to bulk one by varying the 
annealing condition during synthesis, also affected by the pH of the solution. 
 
3.2. Introduction 
Investigation of nanoscale materials has been a subject of interest of 
researchers over the past years owing their unique properties compared with their 
encounter bulk.1) One of the most fascinating materials is perovskite oxide.2) In 
a typical perovskite material, its structural symmetricity can be reduced owing 
lattice distortion, providing great variability in the electrical and magnetic 
properties.3) Tuning the electric properties is also reliable depends on charge 
carriers and materials itself.4) The flexibility properties might increase the 
performance of a material both in magnetic and electronic devices and fulfil the 
technology demant.  
Free-standing NPs of strontium titanate (SrTiO3/STO) and lanthanum copper 
oxide (La2CuO4/LCO) are studied. STO has indirect and direct band gaps of 3.25 
and 3.75 eV, respectively.5) High-dielectric-constant of STO makes the material 
good to be utilized in capacitors6) and transistors.7) Since STO is also widely used 
as an excellent substrate for epitaxial growth of various oxides,8-10) physics of 
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complex oxide heterostructures based on STO also expected.11-13) Moreover, 
LCO is basically a frontier of strong correlated antiferromagnetic (AF) Mott 
insulator14) with Néel temperature (TN) at about ~ 300 K15). Apart from starting 
system of superconductivity, as an AF material, LCO is also potentially to be 
utilized in magnetic devices. Earlier, Néel stated that AF material might have 
limited practical applications.16) For the time being, enormous application of AF 
material as spin-transfer torque17) and magnetoresistance18) recently revealed and 
strongly turns the perspective of AF material these days,19) and may another 
potential applications of AF material will appear in near future. To date, there 
are no detail information about free-standing of LCO and STO NPs fabrication. 
Conversely, the fabrication of nano-sized LCO and STO material is essentially 
fundamental for future wide applications. 
In the present work, fabrication of free-standing LCO and STO NPs by sol-
gel method were investigated. Various process were implemented in perovskite 
synthesis such as sol-gel,20) solid-state, hydrothermal,21) spray pyrolysis,22) co-
precipitation,23)  Among them, here sol-gel method was selected considering the 
particles of the products are high in homogeneity, purity, and size is easy to be 
controlled.24) Accordingly, sol-gel is preferable to make multi component 
compound with controlled stoichiometry. Some parameters such as acid catalyst, 
pH, annealing condition were assessed in the fabrication process. According to 
the results, the size of the product could be controlled from nanoscale to bulk 
size order.  
 
3.3. Experimental procedure 
Sol-gel was implemented to fabricate LCO and STO NPs and some 
parameters used is summarized in Table 3.1. A stoichiometric amount of starting 
materials were dissolved in an appropriate amount of acid catalyst separately, to 
attain its nitrate/citrate forms. The organic matters used were citric acid (CA) 
(Wako, 99.5%) and ethylene glycol (EG) (Wako, 99%) with mass ratio 3:2 and 
the pH of the solution was adjusted to 7 by NH3 (aq) (Wako, 38%). The liquid 
phase in the gel was dried by heating at 150 ℃ for 1 h, and appearance of an 
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elastic solid gel formed. For LCO, heat treatment was done in two stages: 1) 
300 ℃ for 3 h and 2) 500-800 ℃ for 0-3 h for LCO, where the STO only at 400-
800 ℃. The final product was ground for about 1 h using agate mortar until 
obtaining well-homogeneous fine powder. 
 
Table 3. 1 Parameter used for LCO and STO synthesis 
Parameter La2CuO4 SrTiO3 
Starting Material 1 La2O3 (Wako, 99.9%) SrCO3 (Aldrich, 99.9%) 
Starting Material 2 CuO (Wako, 99.9%) C12H28O4Ti (Tokyo 
Chemical Industry 
Acid Catalyst  Nitric Acid (Wako, 
70%) 
Citric Acid (Wako, 
99.5%) 
 
The phase of LCO samples were examined by x-ray diffractometry (XRD, 
Rigaku RINT-2100) with Cu Kα radiation 40 kV (λ = 0.154 nm) and the scanning 
rate was 0.02 o/s. The morphology of samples were observed by field emission 
scanning electron microscopy (FESEM, Hitachi S-5200), with acceleration 
voltage at 5 kV. The average particle size were calculated by measuring the 
diameter of particles from SEM image, from one edge to the other opposite edge 
of particle, using Image J software. Additionally, crystallite size were also 




         (3.1) 
where D is the crystallite size, k is the Scherrer constant (0.9), λ is the wavelength 





3.4. Results and discussion 
3.4.1. Results of LCO synthesis 
Figure 3.1 shows the XRD profiles of the fabricated LCO samples at different 
annealing condition, at pH 7. The LCO phase in XRD profiles was matched with 
reference of JCPDS no. 38-0704. Annealing temperature study was firstly 
conducted by annealing the samples at 800 ℃ [Figure 3.1 (a)], 700 ℃ [Figure 
3.1 (b)], 600 ℃ and 500 ℃ [Figure 3.1 (c)] for 180 min. As seen LCO phase 
with orthorhombic structure began to form if the sample was annealed at 600 ℃ 
and above. Sharp peaks in XRD profiles indicate that the samples is highly 
crystalline. Annealing the sample at 500 ℃ resulted on mixture phases of starting 
materials and insufficient to produce LCO phase [Figure 3.1 (g)]. Next step, 
several samples were prepared by annealing the sample at 600 ℃, but the 
annealing time was varied from 180 min [Figure 3.1 (c)], 90 min [Figure 3.1 (d)], 
45 min [Figure 1 (e)] and 0 min [Figure 1 (f)]. According to the XRD results, the 
required annealing condition for the formation of LCO was at 600 ℃ for 45 min 
at least. Additionally, the lattice parameters of LCO with the orthorhombic 













Where a, b, c are the lattice constant and d is the inter-atomic spacing. The lattice 





Figure 3. 1 XRD profiles of the synthesized LCO at: (a) 800 ℃ – 180 min, (b) 
700 ℃ – 180 min, (c) 600 ℃ – 180 min, (d) 600 ℃ – 90 min, (e) 600 ℃ – 45 
min, (f) 600 ℃ – 0 min 
Figure 3.2 displays FESEM image of the synthesized LCO annealed at 
various temperature and time. The morphology for all samples is sphere-like 
structure and the particle size is varied depending on the annealing condition. 
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The morphology of LCO samples annealed at 600 ℃ for 45 min, 90 min and 180 
min is shown in Figure 3.2 (a), (b) and (c), respectively, representing the effect 
of annealing time during synthesis. The obtained average particle size of those 
samples were noted to be 69 nm, 73 nm, and 96 nm, respectively. Annealing 
temperature effect is represented by LCO samples annealed at 600 ℃, 700 ℃ 
and 800 ℃ for 180 min, as shown in Figure 3.2 (c), (d) and (e), respectively. The 
measured particles size were noted to be about 96, 153 and 286 nm. The tendency 
of particle size was found increases with rising annealing temperature of 
synthesis. The summary of obtained particle size (based on FESEM images) and 
crystallite size (based on XRD results) against annealing condition is 
summarized in Figure 3.3. The tendency of crystallite size increases with 
annealing synthesis condition and ranging from ~ 35-52 nm, and the result is in 
agreement with FESEM results. Lower temperature and short time of annealing 
produces smaller particle and crystallite size. In our work, LCO NPs (size < 100 
nm) could be fabricated when the annealing temperature was 600 ℃. 
Additionally, lattice parameter of the synthesized LCO is shown in Figure 3.2. 
The increase of a/c lattice and expansion in unit cell volume appear when the 
size of LCO is reduced and remarkably says the LCO exhibiting lattice distortion. 
 
Table 3. 2 Lattice parameter of the synthesized LCO 
Particle size 
(nm) 
a (Å) b (Å) c (Å) a/c V (Å3) 
69 5.36274 5.40764 13.16964 0.40720 381.91649 
96 5.3489 5.39902 13.12588 0.40750 379.05990 
153 5.3507 5.3977 13.10634 0.40825 378.53041 





Figure 3. 2 FESEM images of the synthesized LCO annealed at (a) 600 ℃ - 45 
min, (b) 600 ℃ - 90 min, (c) 600 ℃ - 180 min, (d) 700 ℃ - 180 min and (e) 






Figure 3. 3 Summary of average particle size (based on FESEM images) and 
crystallite size (based on XRD peaks) obtained of the synthesized LCO.  
 
 
Figure 3. 4 XRD profiles of LCO samples synthesized at: (a) 600 ℃ pH 2, (b) 
(a) 700 ℃ pH 2, (c) 800 ℃ pH 2, (d) 600 ℃ pH 10, (e) 700 ℃ pH 10 and (f) 
800 ℃ pH 10. 
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Additionally, the effect of pH on LCO synthesis was also assessed and the 
XRD profiles of LCO synthesized at pH 2 and 10 is shown in Figure 3.4. By 
using pH 2, mixture phases of LCO and others La2O2CO3, La2O3 and CuO are 
exist if the sample was annealed at 600 [Figure 3.4 (c)], 700 [Figure 3.4 (b)] and 
800 ℃ [Figure 3.4 (a)], and the intensity of mixture phases decreases with 
increasing of annealing synthesis temperature and might need higher 
temperature to obtain pure LCO phase. However, lower annealing temperature 
is preferable to get small size of LCO. Also, by using pH 10, LCO phase present 
for samples annealed 600, 700 and 800 ℃, but still not show single phase of 
LCO. In this research work, pH 7 is still considered as the optimum condition to 
synthesize LCO NPs.  
XPS analysis was also performed for LCO NPs with 69 nm size, in order to 
know the element exist in the sample, as well as its oxidation state. Figure 3.5 
displays the XPS analysis of the synthesized LCO. As seen La, Cu and O element 
are observed in the sample. Figure 3.5 (a) shows La 3d spectrum, consisted of 
multiplet split of La 3d3/2 (850 eV and 853.3 eV) and La 3d5/2 (833.4 eV and 
836.8 eV) that matched with oxidation state of La3+. The Cu 2p spectrum in Fig. 
3.5 (b) indicates Cu 2p1/2 and Cu 2p3/2 exist in the sample, with strong Cu2+ 
satellite are observed at 960.9 eV and 942.6 eV, which referred to oxidation state 
of Cu2+. Moreover, the O 1s peak [Figure 3.5 (c)] with binding energy at 530 eV 
is referred to oxidation state of O2-. Therefore, the oxidation state of La, Cu and 





Figure 3. 5 XPS spectra of LCO NPs with 69 nm size: (a) La 3d, (b) Cu 2p and 
(c) O 1 s spectrum. 
 
3.4.2. Results of STO synthesis 
XRD profiles of the synthesized STO NPs are displayed in Figure 3.6. The 
XRD profile for sample annealed at 400 ℃ shows the temperature was 
insufficient to yield STO phase, instead resulted on amorphous (see broadening 
peak in the XRD profile) and SrCO3 phase, marked by white triangles symbol. 
By increasing the annealing temperature to 500 ℃, high crystalline STO phase 
with cubic structure start forming. The STO phase also present in the sample 
annealed at 600, 700 and 800 ℃, in agreement with JCPDS No. 86-0178. The 
average crystallite size and lattice parameter analysis is shown in Table 3.3. As 
seen, the CS tends to increase by raising the temperature of synthesis. The lattice 











Table 3. 3 Lattice parameter of the synthesized STO 
Synthesis 
temperature 
a (Å) V (Å3) Average Crystallite 
Size (nm) 
500 ℃ 3.9253 60.4809 24.6 
600 ℃ 3.9158 60.0428 17.0 
700 ℃ 3.9159 60.0474 30.4 








Figure 3.7 shows the FESEM images of the synthesized of STO at 500-
800 ℃. The STO NPs has a sphere-like structure and aggregated with average 
particle size 21.4 nm, 17.2, 30.1 nm and 42.3 for samples annealed at 500 ℃ 
[Figure 3.7. (a)], 600 ℃ [Figure 3.7 (b)], 700 ℃ [Figure 3.7 (c)], and 800 ℃ 
[Figure 3.7 (d)], respectively. The particle size of the product is in proportional 
with synthesis temperature.  
 
 
Figure 3. 7 FESEM images of STO NPs annealed at: (a) 500, (b) 600, (c) 700 
and (d) 800 °C for 5 h.  
 
3.4.3. Discussion 
The mechanism of LCO and STO formation in this work started from the 
reaction of the raw materials with the acid catalyst, either nitric or citric acid, to 
induce more hydrolysis process and yield its metal nitrate or citrate form. As the 
metal nitrate/citrate precursors were mixing together, the ethylene glycol (EG) 
and citric acid (CA) were added. The metal nitrate/citrate acts as the oxidant, 
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where the EG and CA as organic fuel. By adding the organic fuel, the precursors 
undergo further hydrolysis and polycondensations, thus forming metal chelate 
complex, to tighten the bonding between one metal to another metal ions. The 
presence of organic matters in here is also important for suppression of the 
crystal growth to obtain small crystallite size and preventing precipitation of 
individual oxide.24) In the case of LCO synthesis, pH 7 is the optimum pH to 
synthesize LCO. NH3 (aq) was used as pH adjustment and acting as organic fuel 
as well, remembering nitrate based material was used. The NH3 (aq) will supply 
N and H to the system and enhancing the combustion process,25) helping on the 
releasing gas product such NOx, COx and H2O. As for STO synthesis, since it is 
metal citrate based synthesis, so the precursors contains metal ions and organic 
matter (C, H and O). Heat treatment is sufficient enough to release the organic 
matters (residue) from the precursors, as CO2 and H2O. Heating process was 
performed several times in the synthesis. Firstly, the precursor was heated at 
150 °C prior to water evaporation, to remove all the liquid phase and solid gel 
formed. Secondly, further annealing at 300 °C for 3 h was applied to decompose 
all the organic matters. During this stage, volume expansion of sample was 
physically observed (Notes that second annealing only done for LCO synthesis). 
Finally, annealing at high temperature (i.e. 500-800 °C) was performed prior to 
crystallization process. As heat energy is induced to the system, the nucleation 
of particle start to occur and the particle growth and forming extended particle 
network. The agglomeration of particle was reduced by grinding the sample 
agate mortar. 
The particle size obtained was found to be proportional with the synthesis 
temperature. The growth of particle is driven by thermal energy,26) which serves 
diffusion of atom. Increasing the annealing temperature provides more thermal 
energy and serve faster migration of boundaries, thus migration of atom through 
diffusion process develops from one size of the boundary to the neighborhood 
atom, leading to the reduction of boundary area. As a result, growth of the 
particle sizes take places and the total boundary area will decrease. With rising 
annealing temperature and time of synthesis, the growth of particles more 
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intensively occur, boundary area will be reduced and bigger particle size will be 
obtained. In the case of STO, annealing time study was not studied since the 
increment of annealing temperature of 100 ℃ resulted only changed the size 
about 10 nm.  As why the STO sample annealed at 600 ℃ is smaller compared 
to the 500 ℃ sample, one possibly reason is due to to non-uniform heating, 
therefore affecting the gas products and the growth of the material.27) 
 
3.5. Conclusions 
The synthesis of LCO and STO NPs were investigated by sol-gel method. 
Metal nitrate and citrate based were assessed on the formation of LCO and STO 
NPs, respectively. For nitrate based synthesis, the addition of ammonia as pH 
adjustment is required to induce LCO phase at lower temperature, since it supply 
N and H to the system an d assist the formation during heating. Additionally, for 
metal citrate based synthesis, no pH adjustment was required since only C, H 
and O and metal ion in the precursors, and the organics could be removed by 
only heating. The requirement minimum annealing condition to obtain LCO and 
STO phase was at 600 ℃ for 45 min (69 nm size) and 500 ℃ for 5 h (21 nm 
size), respectively. The particle size of LCO could be controlled by varying the 
annealing condition during synthesis. Higher annealing temperature and longer 
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Size Dependent Magnetic Properties of La2CuO4 Nanoparticles 
Synthesized by Sol-Gel Method 
 
4.1. Abstract 
The effect of particle size on the magnetic properties lanthanum cuprate 
(La2CuO4/LCO) nanoparticles (NPs) was systematically studied. The particle 
size of LCO used to be investigated are: 69 nm, 96 nm, 153 nm and 286 nm. 
Magnetic property measurement by SQUID magnetometer reveals that the 
enhancement of magnetization occurs as the particle size is reduced. 
Additionally, advance magnetism of LCO was also investigated by muon spin 
rotation (µSR) and the results showed Néel temperature reduction was observed 
with reducing size. 
 
4.2. Introduction 
Investigation of magnetism in nano-sized particles has been a subject of 
interest over the past years owing their properties are deviated comparing to their 
bulk.1) A perovskite oxide material is one of the best material to be investigated 
since the material potentially to appear extraordinary variety of properties.2) 
La2CuO4 (LCO) is the selected material studied here. LCO is basically a frontier 
of strong correlated antiferromagnetic (AF) Mott insulator3) with Néel 
temperature (TN) of about ~ 300 K4). The strong electron-electron interaction in 
the sample making the sample to exhibit superconductivity, by introducing some 
charge carriers to the sample. Therefore, here also remain understanding on how 
the magnetism changed in nano-sized of such strong correlated system. To date, 
there are still no detail information about magnetism in nano-sized LCO.  
Our experiments were designed to investigate on how nano-sized affect the 
magnetic properties of LCO utilizing high sensitive muon-spin rotation (µSR) 
and SQUID magnetometer. Magnetism in LCO was found to be strongly affected 
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by size: a reduction of TN enhancement of magnetic moment with reducing size. 
A detailed magnetic phenomena study on the Mott insulating system nano-sized 
LCO became significantly importance, since the properties will also be related 
to others strong correlated materials. 
 
4.3. Experimental procedure 
The magnetic property of LCO was measured using Quantum Design MPMS 
SQUID magnetometer. The samples were placed to a capsule and inserted into 
the magnetometer. The samples were cooled to a desired temperature followed 
by measuring the magnetic response of sample in a fixed temperature M-H and 
magnetic field M-T. The M-T measurement was done from 5 to 300 K under 
magnetic field 0.5 T. The M-H measurement was also performed with applied 
field ranging from -5 to 5 T (double sweep) at 5 K with increment 0.5 T. 
Zero field (ZF-µSR) were perfomed in Japan Proton Accelerator Research 
Complex (J-PARC) installed at the RIKEN-RAL Muon Facility. Muon is 
generated by high proton beam and implanted to the sample. Muon has spin S = 
½ and lifetime 2.2 µs before it decays, thus by implanting muon to the sample, 
it will act as local probe and the magnetism of sample in microscopic view can 
be observed. The emitted positron from muon decays then counted by forward 
and backward detector, located along the muon beam for further processing 
information. Muon spin polarization is interpreted by asymmetry parameter 
[A(t)], which obtained from the ratio of numbers of muon detected by the 
forward [F(t)] and backward [B(t)] counters at t time:  [A(t) = (F(t) – αB(t)]/[F(t) 
+ αB(t)], and all time spectra are corrected by calibration factor α during analysis. 
 
4.4. Results and discussion 
The morphology of the synthesized LCO with various particle size is 
displayed in Figure 4.1. The synthesis process were explained in Chapter 3 in 
this thesis. The sample used were noted having average particle size of about 69 
nm [Figure 4.1 (a)], 96 nm [Figure 4.1 (b)], 153 nm [Figure 1 (c)] and 286 nm 




Figure 4. 1 FESEM images of synthesized LCO samples with particle size: (a) 
69 nm, (b) 96 nm, (c) 153 nm and (d) 286 nm 
 
We systematically studied the magnetism of LCO from bulk to nanoscale 
through varying the particle size. The LCO magnetization response as a function 
of magnetic field have been recorded by SQUID magnetometer at 6 K from -5 T 
to 5 T, as shown in Figure 4.2 (a). The tendency of magnetization for all samples 
rises linearly as the magnetic field is stronger and enhanced with reducing size. 
The magnetization of samples at 5 T was recorded reaching 1.07 emu/g, 0.97 
emu/g, 0.25 emu/g and 0.17 emu/g for sample with 69 nm, 96 nm, 153 nm and 
286 nm size, respectively, thus the obtained magnetization is inversely 
proportional with size. From M-H curve, the magnetization of sample is strongly 
size dependence.  
To double confirm the finding, temperature dependent magnetic 
susceptibility of LCO was also assessed under field 5000 Oe from 6-300 K, as 
shown in Figure 4.2 (b). The magnetization response for all samples increases 
with lowering measurement temperature, and rise of magnetization occurs with 
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decreasing size, in agreement with M-H result. The temperature dependence of 
magnetic susceptibility follows the Curie-Weiss law and the estimated Weiss 
temperature (with fitting range temperature from 0 to 300 K) are about -1.96 K, 
-2.17 K, -3.7 K, -1.94 K for sample with 69 nm, 96 nm, 153 nm and 286 nm size, 
respectively. The effective magnetic moment (µeff) of the samples were 
calculated from µeff = 2.84√χ. (𝑇 − 𝜃) . The tendency of µeff increases with 
reducing size with the values 0.701 µB, 0.73 µB, 0.443 µB and 0.353 µB for 
sample with 69 nm, 96 nm, 153 nm and 286 nm size, respectively.  
The magnetic moment of LCO was found increases with decreasing size. 
One possible reason is, from FESEM image observation, the aggregated particles 
shows variety of particle dispersion with different size and shape, thus for every 
particle, either aggregated or not, will also have different distribution of magnetic 
moment that oriented differently for each aggregated particle, and the magnetism 
will interact each other.5) Additionally, lattice parameters from XRD result 
shows deviation as a function of size, indicating the orthorhombicity of samples 
is also changed and the sample experiencing atomic distortion. The distortion 
induces the spins to align disorder, therefore the increase of magnetic moment is 
expected. Moreover, the volume of unit cell of samples also becomes bigger with 
reducing size, indicating there are incorporation of oxygen excess, particularly 
at surface. Oxygen is non-magnetic, but it is paramagnetic.6) because it has 
unpaired electron, therefore the paramagnetic behavior of oxygen will involve 
and contributing to the magnetic measurement. Moreover, since there is a lattice 
deviation was observed, therefore influencing the orthorhombicity in the sample 
and atomic distortion occurs, furthermore influencing the magnetic properties. 
Accordingly, the total magnetic moment in the LCO NPs now is expected 
coming from the contribution of two components: surface property and core 
property, which responsible for the enlargement of magnetic moment. However, 
in our work, no clear indication of magnetic transition signal TN were observed 
in all samples, probably it concealed by surface property that dominating during 
magnetic susceptibility measurement and leads to slightly modifications in LCO 
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properties.7) However, the sign of negative Weiss temperature here proving the 
intrinsic property is still AF. 
 
 
Figure 4. 2 M-H curve of the fabricated LCO with different. Inset is the 
temperature dependent magnetic susceptibility. 
To overcome the sign of TN, here the ordered magnetic property of the 
synthesized LCO was also evaluated by Zero Field (ZF)-µSR measurement, 
therefore the magnetism in microscopic view could be observed, and the µSR 
time spectra of LCO with various size are shown in Figure 4.3. The µSR time 
spectra is interpreted by asymmetry parameter A(t), calculated from the ratio of 
numbers of positron detected by the forward [F(t)] and backward [B(t)] counters 
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at t time:  [A(t) = (F(t) – αB(t)]/[F(t) + αB(t)], and all time spectra are corrected 
by calibration factor α during analysis. The µSR time spectra was fitted to 
Equation 4.2:  
𝐴(𝑡) = 𝐴1 cos(𝛾𝜇𝐻𝑖𝑛𝑡𝑡 + 𝜙) 𝑒
−𝜆1𝑡 + 𝐴2𝑒
−𝜆2𝑡…………………….……... (4.2) 
First and second terms correspond the muon-spin precession component 
and fast depolarizing component, respectively, with A1 and A2 are the initial 
asymmetries of each component. The muon-spin precession reveals the AF order 
state, particularly the ordered state of Cu spins that aligned in the AF order state. 
For the 69 nm sample [Figure 4.3 (a)], clear muon spin precession spectra was 
observed at 10 K and 35 K and the amplitude gradually decreases with raising 
temperature. The precession disappeared at 60 K and 110 K, indicating the 
system has just changed to paramagnetic state, and, near this point we could 
identified the TN. Similar spectrum was observed in the 96 nm sample, 
precession occurred at 10 K and 60 K [Figure 4.3 (b)] and vanish at 100 K. For 
the sample with 153 nm [Figure 4.3 (c)] and 286 nm [Figure 4.3 (d)] size, 
precession was observed at low temperature and there are no sign of the 




Figure 4. 3 ZF-µSR time spectra of the fabricated LCO with particle size: (a) 
69 nm, (b) 96 nm, (c) 153 nm and (d) 286 nm at various temperature  
 
The internal field (Hint) of LCO samples are shown in Figure 4.4 (a), and 
were calculated from Hint = ω/γμ, where γμ is the gyromagnetic ratio of the muon 
(13.55 MHz/kOe). The Hint of all samples at 10 K are about ~ 420 G, which 
closely equivalent with the sample value observed in the bulk LCO.8) The 
precession internal field undergoes abrupt change to zero at 60 K, 65 K, 150 K 
and 265 K for the sample with size 69 nm, 96 nm, 153 nm and 286 nm, 
respectively and this temperature denotes as the magnetic transition of LCO, as 
summarized in Figure 4.4 (a). The magnetic transition temperature of the Mott 
insulator of LCO was found to be dependent with the size, where the AF ordering 
state gradually decreases as decreasing size. Magnetic transition temperature of 
a material relates to the strength of exchange interaction and number of 
neighboring atoms.9) With smaller particle, the fraction of atom will be larger 
compared to their bulk and the atoms at surface will have less number of 
neighboring atom, therefore smaller particles tend to have lower coordination. 
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Thus, their exchange interaction will be weaker in a smaller particles because of 




Figure 4. 4 (a) Temperature dependent internal field at muon site and (b) Néel 
temperature of LCO sample with various size 
 
4.5. Conclusions 
To conclude, here we have presented on how to fabricate the controlled size 
of nanometer-sized LCO by sol-gel technique and investigate its magnetic 
properties. The key to control the size of the product could be done by varying 
the annealing condition during synthesis. Reduction of size induces lattice 
deviation and expansion of unit cell volume, indicating the orthorhombicity of 
sample is changed. The magnetic properties of the nano-sized LCO were 
investigated and reduction of size causes magnetization enhancement and 
reduction of TN. The enhanced magnetization is expected because the magnetic 
signal coming from distribution of magnetic moment because of random 
particles dispersion of aggregated particles, seen from SEM images, also lattice 
deviation from XRD results. Also, by having smaller particles, there will be less 
neighboring atom (reduced coordination number) therefore the interaction will 
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Assembly and Electrical Properties of La2CuO4 and SrTiO3 




La2CuO4 (LCO) and SrTiO3 nanoparticles (NPs) and were aligned at 
electrodes by dielectrophoresis (DEP) to measure the electric properties. 
Electrodes separated with nanoscale gap were firstly fabricated via electron 
beam lithography (EBL). After that, the NPs were trapped by applying gradient 
electric field. From electrical characteristics, the conductance increases as the 
temperature is raised. Arrhenius plot analysis indicating that two conductions 
mechanism occur (hopping and tunneling). 
 
5.2. Introduction 
Advancement of technologies driven the demand of electronic devices on a 
nanometer scale for high density electronic devices and effectively transporting 
the electric current. One interesting material to be investigated is a perovskite.1) 
Variation of electric properties from insulator, semiconductor and metallic 
insulator is feasible in a perovskite, relying on the charge carriers and materials 
itself.2) Among perovskite materials, here La2CuO4 (LCO) nanoparticles (NPs) 
and SrTiO3 (NPs) are selected. Bulk LCO is an antiferromagnetic (AF) Mott 
insulator with Néel temperature (TN) of about 300 K3). Therefore, LCO is 
potentially utilized as a sensor,4,5) spin-valve6) or numerous prospect in electronic 
devices. Moreover, the wide band gap of STO 3.75 eV7) makes the material good 
to be used as capacitors8) Since STO is also an excellent substrate for the epitaxial 
growth of various oxides,9-11) physics of complex oxide heterostructures based 
on STO material is also of interest to be investigated12-14) Utilization of LCO and 
STO NPs become important since they hold important and great properties, and 
here its electrical investigation in its nanoscale order is investigated. To the best 
84 
 
of our knowledge, there was no detail information about the electric properties 
of free-standing STO and LCO NPs. Become fundamental and essential for 
further research in LCO and STO based compound. 
In the present work, assembly and electrical properties investigation of LCO 
and STO NPs based on dielectrophoresis (DEP) technique were reported. DEP 
is a phenomenon where a dielectric matter move due to force created by non-
uniform electric field.15) It offers a low-cost method to assembly nanostructure 
in an electrode device.16) Here, electrodes separated with nanoscale gap were 
firstly fabricated via electron beam lithography (EBL), and then the fabricated 
NPs were assembled at the electrodes by DEP technique. Furthermore, the set up 
was utilized prior to electrical properties measurement. From the results, the 
LCO NPs act as semiconducting material and the behavior was also confirmed 
by optical band gap energy measurement by UV-Visible spectrophotometry. 
Therefore, NPs assembly is potentially to be utilized for various purposes 
electronic device applications. 
 
5.3. Experimental procedure 
Electrodes separated with nanoscale gap were fabricated via electron beam 
(EB) lithography method, with SiO2 as the substrate. Firstly, EB resist solution 
(gL 2000:anisole = 1:1) was spin coated to the substrate with speed 5000 rpm 
for 40 s and pre-baked at 180 °C for 3 min. The electrode patterning was 
performed by EB machine model Elionix ELS-7500. The as obtained patterns 
were developed by ZED-50 N solution for 5 min continued by isopropanol for 
15 sec, then rinsed by DI water and dried. The electrodes Pt/Ti with thickness 
24/6 nm (Ti next to the substrate) were deposited by sputtering machine model 
CFS-4EP for LCO NPs sample, whereas Al electrodes was deposited for the STO 
NPs sample. The residue of EB resist then was removed by dipping it in dimethyl 
sulfoxide solution at 80 °C for 40 min, followed by isopropanol cleaning under 
sonication process.  
The LCO NPs were aligned at the edge of electrodes by DEP method. Firstly, 
small amount of LCO NPs was suspended into ethanol. Centrifugation was 
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performed to the suspension, prior to avoiding the agglomeration of particles. 
Secondly, the suspension then was casted to the electrode device and naturally 
dried. During casting, AC voltage was applied at both electrodes to induce the 
electric field, with phase difference 180°. The voltage and frequency used were 
Vpp = 5 V and f = 1 MHz respectively. After that, the device was heated at 450 ℃ 
for 30 min in Ar environment, to make a good electrical contact. For electric 
property measurement, a tailor-made cryogenic temperature probing system was 
used and the I-V responses were recorded as a function of temperature and 
voltage by semiconductor parameter analyzer model Keysight Agilent 4156A. 
All measurement were carried out in vacuum condition. 
 
5.4. Results and discussion 
4.4.1. Sample used 
The morphology of the synthesized LCO and STO NPs are displayed in 
Figure 5.1 and the synthesis process was using sol-gel method and were 
explained in Chapter 3 in this thesis. The LCO and STO NPs used for electrical 
characteristic investigation has 69 nm and 21 nm size (based on FESEM images), 
with crystallite size 34.88 nm and 21.4 nm, respectively (based on XRD result).  
 
 




4.4.2. Electrical characteristics of LCO NPs  
Figure 5.2 (a) displays the FESEM image of electrode device fabricated by 
EBL. As seen that the design of device consists of two electrodes and separated 
with nanometer size gap, and the gap size is about ~ 100 nm. The gap is expected 
place for LCO NPs to be located. Pt was used as the material electrode due to its 
high work function and to make good electric contact with p-type semiconductor 
(i.e. LCO). The fabricated electrode device then were casted by an ethanol 
suspension containing LCO particles, and, at the same time, AC voltage was 
applied between the electrodes prior to trapping process. The results of particles 
trapping were monitored by FESEM, as displayed in Figure 5.2 (b), inset is the 
FESEM images after tilted 80º. As seen the particles were well gathered and 
mounted, particularly at the gap of electrodes and bridging the electrodes. Figure 
5.2 (c) shows the typical I-V of the device before and after subjected to annealing, 
purposing to obtain good electrical contact. As seen that if the device was un-
annealed, the electrical contact is poor compared to the annealed one. As the heat 
treatment was done at lower temperature of the LCO synthesis temperature, 





Figure 5. 2 FESEM image of the electrodes: (a) before and (b) after DEP and 
(c) connection of electrodes. 
The electric properties of LCO NPs is displayed in Figure 5.3. The measured 
output current at variance of temperature in the inset of Figure 5.3 (a) and applied 
dc voltage. I-V curve of sample shows non-linear curve and the behavior of 
sample for all temperature are similar. The tendency of conductance of the 
sample gradually increases with raising temperature of measurement, indicating 
the sample are non-metallic. Moreover, Arrhenius plot analysis in the Figure 5.3 
(b) shows the change in conductivity slope in two different temperature region 
and reveals two conduction mechanism: variable range hopping and tunneling, 
respectively with activation energy at 20.94 meV and 0.0071 meV at high and 






Figure 5. 3 (a) Temperature dependent conductance (inset is the I-V curve at 
various temperature) and (b) Arrhenius plot of LCO NPs 
 
4.4.3. Electrical characteristics of STO NPs 
FESEM images of the electrodes before and after STO NPs trapping are 
shown in Figures 5.4 (a) and 5.4 (b), respectively, and the obtained gap of the 
electrodes is about ~ 100 nm [Figure 5.4 (a)]. Al was used as the material 
electrode owing its low work function and preferable making good electrical 
contact with n-type semiconductor (i.e. STO). The trapping process and 
conditions were same like LCO case in previous section. 
 
Figure 5. 4 FESEM images of electrodes: (a) before and (b) after DEP (Free 
permission to reuse as the authors. Copyright IOP Publishing)17) 
The electric properties of the STO NPs at various temperature is displayed in 
Figure 5.4 (a). The conductance of sample raises with the increasing of 
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measurement temperature [inset in Figure 5.5 (a)], indicating the STO NPs are 
non-metallic. The conduction mechanism of STO NPs was also investigated by 
using Arrhenius plot, as displayed in Figure 5.5 (b). Arrhenius plot analysis 
shows two activation processes take place, marked by the change in conductivity 
slope in two temperature regions. The conduction mechanism occurs: hopping 
and dominant tunneling for high and low temperature region, with calculated 
activation energies at 0.0223 eV and 0.000537 eV, respectively.  
 
 
Figure 5. 5 Temperature dependent I-V characteristic of STO sample and (b) 
Arrhenius plot analysis 
4.4.4. Discussions 
The behind mechanism of trapping process started when a gradient electric 
field (AC field) is applied to the electrodes and induces dielectric force. At f = 1 
MHz, the NPs were attracted to this field through the medium (i.e. ethanol) and 
gathered at the corner of electrodes. Upon ethanol is evaporating, the trapping 
were inactive. After trapping, the NPs well gathered at the edge of electrodes and 
some particles are trapped at the gap between electrodes, which bridging one 
electrode to another one and beneficiary for electric property measurement. Heat 
treatment was employed to the device to improve the electrical contact and 
reduce the interface trap density between metal electrode and the NPs sample.18) 
The heating process was done in Ar atmosphere to prevent any further oxidations. 
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As the heating temperature of the device was still below the NPs synthesis 
temperature, therefore there will be no change in the size of particles.  
By observing the Arrhenius plot, there are two conduction mechanism 
occurs: hopping and tunneling at high and low temperature region, respectively 
for both LCO and STO NPs. Hopping conduction is recognized to be mechanism 
at high temperature, owing to thermal activation is involved, indicated by the 
temperature-dependence of I-V curve.19) Here, hopping take places owing to the 
phonons are transferred to compensate the change energy of electron, and the 
electrons might be transported from one localized state to other state assisted by 
the energy transfer from the system. Moreover, tunneling behavior is also 
expected occur at low temperature (marked by the almost flat region in Arrhenius 
plot) owing to it does not show any temperature dependent I-V curve19) and only 
shows field induced conduction. The current generated due to the electrons are 
penetrated to the sample (tunneling of electrons) from the barrier between low 
and high energy band, particularly by carriers of applied voltage field.  
 
5.5. Conclusions 
Electric properties of LCO and STO NPs were investigated based on NPs 
assembly using DEP technique. Electrodes separated with nanoscale gap were 
fabricated by EBL and the NPs were aligned to bridge the electrodes. Electrical 
investigation was done by low temperature probing system. The obtained 
current-voltage shows non-linear curve and temperature dependent electrical 
properties shows the conductance of STO and LCO NPs increases with raising 
temperature. Moreover, two conductions mechanism were observed in Arrhenius 
plot: hopping and tunneling. According to the results, the synthesized LCOand 
STO NPs is non-metallic. 
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The Effect of Particle Size on Magnetic Properties of 
La1.80Sr0.2CuO4 Nanoparticles Fabricated by Sol-Gel Method 
 
6.1. Abstract 
La1.80Sr0.20CuO4 (LSCO) nanoparticles (NPs) with different size were 
synthesized by sol-gel method. X-ray diffractometry and field emission scanning 
electron microscopy method showed the phase of all samples is LSCO with 
tetragonal structure and the morphology of samples are spherical. Size could be 
controlled by varying the annealing condition during synthesis. The magnetic 
properties of LSCO measured by SQUID magnetometer showed 
superconducting property with critical temperature at 24 K and cancellation of 
superconductivity is observed with LSCO sample near nano-sized region, owing 
to London penetration depth.  
 
6.2. Introduction 
Superconducting state is a phenomena where a superconductor material 
exhibit zero electrical resistance and expulsed magnetic field (typically occur at 
cryogenic temperature). To date, superconductivity in nanosystems are attracted 
the interest of researchers.1) Studies on superconductor YBa2Cu3O7-x (YBCO) 
showed that particle smaller than 110 nm did not possessed superconducting 
properties.2) Limitation of superconducting state owing to size was also observed 
in Al nanowires.3) Pinning of critical current density on YBCO superconductor 
was reported by doping with nano-sized Al2O3.4) That aside, the behavior of 
superconductor material in nanoscale systems could be dissimilar from its 
counter bulk.  
Nano-sized La2-xMxCuO4 (M = metal) is the superconducting system that 
investigated here. LMCO is well known the first high temperature cuprate 
superconductor (HTSC), as discovered by Bednorz and Muller in La-Ba-Cu-O 
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system.5) The based compound itself, bulk La2CuO4 (LCO), is an 
antiferromagnetic (AF) Mott insulator with Néel temperature (TN) of about 300 
K.6) LCO based compound is considered one of best studied on superconducting 
phenomena due to its simple structure.7) The transition from AF to SC state could 
be derived upon introducing metal (M = Sr, Ba, Ca) to the system with doping 
level 0.05 < x < 0.3.8) At such doping level, the TN decreases to zero and 
superconducting property appears with critical temperature (Tc) as high as 40 
K.7) 
In the present work, the effect of particle size on the magnetic properties of 
LSCO (x = 0.2) samples synthesized through sol-gel technique is reported. Sol-
gel was chosen considering the product yield by this method is high in purity and 
homogeneity, and size is controllable.9) Then, the magnetic properties of sample 
were investigated by SQUID magnetometer. According to the results, 
superconducting state is cancelled in LSCO with size near ~ 100 nm. 
 
6.3. Experimental procedure 
LSCO (x = 0.2) were prepared from La2O3 (Sigma Aldrich, 99.9%), SrCO3 
(Sigma Aldrich, 99.9%) and CuO (Wako, 99.9%) powders as starting materials 
with appropriate stoichiometric amount. The La2O3 was first heated at 700 ℃ 
for 2 h, then the La2O3 and CuO powders were dissolved in HNO3 to form its 
nitrate. The precursors were mixed under continuous magnetic stirring, before 
SrCO3 was added. Citric acid and ethylene glycol were used as organic fuel to 
enhance the binding between cation. The precursors was heated at 150 ℃ to 
remove water and continued at 300 ℃ for decomposing the organic matters. 
Crystallization process was performed by annealing the samples at 600, 700 and 
800 ℃ for 3 h with heating up rate 10 ℃/min in air atmosphere. The final product 
then was ground by agate mortar until fine powder was obtained.  
The phase of samples were identified by x-ray diffractometry (XRD, Rigaku 
RINT-2100) with Cu Kα radiation 40 kV (λ = 0.154 nm) and scanning rate 0.02 
o/s. Morphology of samples were observed by field emission scanning electron 
microscopy (FESEM, Hitachi S-5200) with voltage at 5 kV. The average particle 
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size were measured through the diameter particles from SEM image, from one 
edge to the other opposite edge of particle using Image J software. 
The magnetic property of LCO was measured using Quantum Design MPMS 
SQUID magnetometer. The samples were placed to a capsule and inserted into 
the magnetometer. For M (T) measurement, the temperature was ranged from 5 
to 300 K, with applied field 100 Oe. M (H) measurement also performed for 
several samples at 5 K. 
 
6.4. Results and discussion 
Our previous work in LCO synthesis showed that the minimum annealing 
temperature for LCO phase formation was at 600 ℃ (Plase refer to Chapter 3). 
Therefore, here the annealing temperature of synthesis was varied from 600 ℃ 
to 800 ℃ at fixed time 3 h, to obtain LSCO particles with different size. Figure 
6.1 (a) shows the XRD profiles of the synthesized LSCO samples annealed at 
600 ℃ to 800 ℃ for 3 h. The peaks in XRD profiles reveals that the LSCO phase 
present in all samples. The samples have tetragonal structure and sharp peaks 
indicate the samples are highly crystalline. FESEM images in Figure 6.1 (b), (c), 
(d) displays the morphology of LSCO samples in FESEM images is sphere-like 
structure and the size is annealing temperature dependence. The average particle 
size were measured based on FESEM images and noted to be 103 nm, 114 nm 
and 164 nm for samples annealed at 600 ℃ [Figure 6.1 (b)], 700 ℃ [Figure 6.1 
(c)], and 800 ℃ [Figure 6.1 (d)], respectively. Evidently, size of samples could 
be controlled by synthesis annealing temperature. The particle growth is strongly 
influenced by thermal energy for diffusion to occur.10) As energy is related to the 
boundary motion, the diffusion of atom occurs between atoms and higher energy 





Figure 6. 1 (a) XRD and FESEM images of the synthesized LSCO samples 
annealed at: (b) 600 ℃, (c) 700 ℃ and (d) 800 ℃ for 3 h 
 
The formation of LSCO in this work started by mixing the starting materials 
with nitric acid. As the metal oxide dissolved in the acid, metal nitrate is formed 
and hydrolysis start taking places. The binding between metals ion (La, Cu and 
Sr) is enhanced by the addition of organic fuel (ethylene glycol and citric acid), 
also to prevent precipitation of each oxide. The pH was controlled by NH3 (aq), 
which also provides N and H to the system as the additional organic fuel during 
heating. Heating were performed at temperature 150 ℃, then 300 ℃ for 3 h to 
remove water and for decomposing all the organics matter, respectively. Final 





Figure 6. 2 Temperature dependent magnetic properties of LSCO with different 
particle size under magnetic field 100 Oe. 
 
Figure 6.2 shows the magnetic properties of the synthesized LSCO with 
different particle size. According to phase diagram of La2-xSrxCuO4, sample with 
x = 0.2 should exhibit superconducting at low temperature.11) By observing 
Figure 6.2, it can be seen LSCO sample with 164 nm size exhibit 
superconducting region with critical temperature (Tc) of about 24 K., good 
agreement with the phase diagram. Below the Tc, the magnetic flux is expulsed 
– called Meissner effect. At this condition, the resistance became zero because 
the scattering of electron are unable to the motion of current carriers due to the 
effect of Cooper pairs. Electrical resistance in metals arises because electrons 
propagating through solid are scattered in the metal. In superconductor material, 
the current is carried by pairs of electrons known as Cooper pairs.12) Small 
attraction between electrons in a material causing two negatively charged 
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electrons are bound together (a paired state of electrons), as illustrated in the 
inset of Figure 6.2. The space occupied by one pair contains many other pairs, 
and there is thus a complex interdependence of the occupancy of the pair states. 
There is then insufficient thermal energy to scatter the pairs. The pairs thus carry 
current freely, then superconducting property occur. On the contrary, sample 
with 114 and 103 nm size exhibit paramagnetic instead superconducting. Upon 
metal doping to superconducting region, the TN sharply decreases13) to zero, 
therefore paramagnetic behavior appears. Another possible reason is, the 
reduced size making the material to become more defective at surface14) and 
contributed in magnetic measurement. Additionally, it also can be observed that 
superconductivity is cancelled in 114 and 103 nm samples. If magnetic field 
enters a superconductive material, the magnetic field is not directly repelled by 
the sample, instead the intensity gradually decreases and become zero at certain 
point, due to effect of London penetration depth,15) as illustrated in Figure 6.3. 
London penetration depth is defined as the allowed distance for magnetic field 
to penetrate to the surface of a superconductor material. As the particle size is 
small, thus the Meissner effect is cancelled because the London penetration 
depth is equal with the particle size. The London penetration depth of LCO based 
compound was reported ranging from ~ 1000 to 3000 Å,16) which in here is 
almost equal to particle size. In the case of YBa2Cu3O7-x material, similar 
superconductivity cancellation also observed when the size of sample was made 
< 110 nm.17)  
 
 
Figure 6. 3 Illustration of Meissner effect cancellation due to the effect of 





The effect of particle size on the magnetic properties of La1.80Sr0.20CuO4 
(LSCO) nanoparticles (NPs) synthesized by sol-gel method are reported. The 
size could be controlled by annealing condition during synthesis. Bigger particle 
size could be yielded when the synthesis annealing temperature was high, owing 
to grain growth induced by thermal energy. The magnetic properties of sample 
were investigated by SQUID magnetometer. LSCO with big particle exhibit 
superconducting property with critical temperature 24 K. Additionally, 
superconductivity was cancelled if the sample is approximately in nano-sized 
region, one possible reason owing to London penetration depth that equal with 
the particle size. 
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Weak Ferromagnetism in La2CuO4-y Nanoparticles 
 
7.1. Abstract  
La2CuO4-y (LCO4-y) were prepared by annealing the original LCO NPs under 
Ar atmosphere at 450 ℃ for 24 h. Morphology observation utilizing scanning 
electron microscopy showed there are no significant change in term of particle 
size, since the heating condition is lowered than the synthesis temperature. 
Diffraction studies shows some of the sample exhibit structural changed after 
heat treatment. Temperature dependent magnetic properties measurement 
indicated weak ferromagnetism appeared in the sample and varied with size. It 
is expected that heating introduced defect and give rise to weak ferromagnetism 
and size affecting its magnitude, owing to surface effect. 
 
7.2. Introduction 
Magnetism in nanoscale materials has attracted attention of researchers in 
past years since the properties may diverged from their bulk.1) Magnetization 
enhancement2,3) and reduction of magnetic transitions4,5) were observed as the 
material is made in nanoscale. Here, magnetism in a nanoscale perovskite oxide 
is investigated considering the properties of a perovskite can be tuned. Non-
stoichiometry is also allowed in a perovskite,6) therefore the oxygen 
concentration in the sample could be varied and may shifting the properties.  
La2CuO4 (LCO) is a perovskite oxide, and, in its stoichiometric form, it is an 
antiferromagnetic (AF) insulator.7) Upon doping, the properties of LCO 
gradually changed, and, at certain level will exhibit superconductivity (SC) .8) In 
the case of metal doping (La2-xMxCuO4, M = metal), SC could be attained at 
doping level 0.05 < x < 0.3.9) By introducing oxygen, there are two possible 
regions: oxygen rich and oxygen poor, with oxygen rich region will give rise to 
SC.9) However, there are still a lot miscibility gaps in term LCO as a function of 
oxygen content. That aside, the magnetic properties in nanoscale LCO may also 
differs from its counter bulk. 
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Here, oxygen deficient (La2CuO4-y/LCO4-y) of LCO nanoparticles (NPs) were 
prepared and its magnetic properties is investigated. The fabrication process of 
LCO was done by sol-gel technique and has discussed in Chapter 3. The LCO 
NPs were subjected for heating under Ar, in order to modify the oxygen content 
in the sample. According to the results, SC was not observed, indicating the 
oxygen content is insufficient to attain SC property, instead both paramagnetic 
and weak ferromagnetism were observed in the sample for both condition. 
Additionally, surface effect also plays role in the magnetic properties.  
 
7.3. Experimental procedure 
The samples used in this work was LCO NPs that synthesized by sol-gel 
method, and the fabrication process was explained in Chapter 3. There are four 
main samples used: synthesized at 600 ℃ - 45 min, 600 ℃ - 180 min, 700 ℃ - 
180 min and 800 ℃ - 180 min, with average particle size of about 69 nm, 96 nm, 
153 nm and 286 nm, respectively. The four samples were subjected to post-
annealing at 450 ℃ for 24 h under two conditions: Ar and oxygen atmosphere.  
Morphology of samples were observed by field emission scanning electron 
microscopy (FESEM, Hitachi S-5200) with voltage at 5 kV and the diffraction 
data were collected using XRD, Rigaku RINT-2100 with Cu Kα radiation 40 kV 
(λ = 0.154 nm) and scanning rate 0.02 o/s was also used. Additionally, TG-DTA 
Rigaku Model TG8120 (see Figure 2.12) was used to estimate the oxygen 
content based on the change of weight of the sample during the heat treatment. 
The oxygen content was estimated by measuring the change of oxygen content 








where Δδ, Ms, Mo, ws are the change of oxygen content, molecular weight of 
the sample and oxygen and the weight of sample, respectively. After that, the 
magnetic properties of the annealed LCO were measured by Quantum Design 
MPMS SQUID magnetometer. The samples were placed to a capsule and 
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inserted into the magnetometer. M-T measurement were performed from 5 to 300 
K, with applied field 100 Oe. Several M-H necessary measurement were also 
conducted at 100 K, to support the M-T data. 
 
7.4. Results and discussion 
Figure 7.1 displays the XRD profiles of the LCO4-y, supported by FESEM 
image at the right side. Compared to the original LCO starting material, the 
LCO4-y samples experienced structural changed to tetragonal structure, and the 
XRD profiles for all samples are same, as seen in the Figure 7.1 (a), (b), (c) and 
(d). By observing the FESEM images in Figure 7. 1 (right side), we expect there 
are no significant change in term of particle size after the heat treatment, due to 
the annealing temperature used was still lower compared to the synthesis 
temperature. Therefore, the average particle size are still assumed to be 
approximately 69 [Figure 7.1 (d’)], 96 [Figure 7.1 (c’)], 153 [Figure7.1 (b’)] and 
286 nm [Figure 7.1 (a’)]. The change of orthorhombicity is expected because 
annealing under Ar also introduce defects -oxygen vacancy to the system. 
 
 
Figure 7. 1 XRD profiles of LCO after annealed under Ar at 450 ℃ for 24 h 
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The TG result of the sample is shown in Figure 7.2. The weight of sample 
decreases with raising time, indicating there are formation of defect-oxygen 
vacancy in the sample. The weight of sample after the heat treatment at 450 ℃ 
were measured decreasing about 3.27 %, after deducted with the influence of 
sample holder. Therefore, the estimated change of oxygen content in the sample 
was decreased about 0.1817. 
 




Figure 7. 3 M-T curve of the LCO4-y with size: (a) 69 nm, (b) 153 nm and (c) 
286 nm 
 
Figure 7.3 shows the temperature dependent magnetic properties of samples 
with various size under low applied field 100 Oe. As shown, the magnetic 
properties of LCO4-y shows the magnetization tends to stronger with reducing 
size. There are no superconducting property is observed, indicating the amount 
of oxygen vacancy is not sufficient to exhibit superconductivity. For the 69 nm 
sample [Figure 7.3 (a) and (d)], the sample exhibit paramagnetic behavior 
without any transition temperature is observed. In the 153 nm sample, similar 
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paramagnetic behavior also monitored [Figure 7.3 (e)], but, ferromagnetism also 
gradually appear in the sample anneal in Ar [Figure 7.3 (b)]. The ferromagnetism 
were proved by M-H measurement at 100 K, as seen there is a hysteresis 
magnetization in the inset of Figure 7.3 (b), but the intensity is very weak, up to 
1000 Oe. The appearance of weak ferromagnetism more clearly observed in the 
286 nm sample for both condition [Figure 7.3 (c) and (f)]. In this sample, both 
paramagnetic and weak ferromagnetic appear with transition occur at 56 K. M-
H curve in the inset of Figure 7.3 (c) clearly indicates that weak ferromagnetism 
arises. By annealing, there are defects introduced to the structure, either by 
oxygen or oxygen vacancy, therefore it can give rise to paramagnetism.11) 
Another possibility is, size reduction also induced surface effect, therefore there 
are uncompensated spins generated at the surface and contributing in magnetic 
measurement.12) Additionally, the possible reason on the weak ferromagnetism 
aroused owing to point defects generated during the heating,13) or there are spin 
canted induced by Dyzaloshinkii-Moriya interaction, related to the tilt of Cu-O 
octahedra.14,15) Zakharov et al. also reported the hidden ferromagnetism in 
LCO4+y due to canting moment.16) Nikonov et al. also found similar LCO4+y and 
occurred due to defect introduced causing the lattice distortion.17) Spin canting 
is illustrated in Figure 7.4. As shown, the incorporation of oxygen defect, even 
small can cause lattice distortion. Here, since there are changed in the structure 
from the diffraction data, thus the orthorhombicity of sample is also changed. 
Additionally, the defectiveness of each sample is also different depending on the 
size, therefore the weak ferromagnetism appear in the sample also depending on 





Figure 7. 4 Illustration of collinear spins and canted spins. 
 
7.5. Conclusions 
La2CuO4-y nanoparticles (NPs) were synthesized by annealing the original 
LCO under argon. There are no notable changes in size after annealing and 
diffraction data showed that the sample exhibit structural changed from 
orthorhombic to tetragonal. The magnetic properties of the samples were 
investigated by SQUID magnetometer and showing paramagnetic accompanied 
by weak ferromagnetism, and the similar behavior were observed for LCO4-y 
samples. By reducing size, surface effect also give more defective surface to the 
sample. Also by heating, defects are introduced to the system and induce the 
spins to be canted and give rise to weak ferromagnetism. 
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Conclusions and Suggestions  
 
La2CuO4 and SrTiO3 nanoparticles were successfully synthesized via sol-gel 
method. The roles to control the size was found to be dependent on annealing 
condition: temperature is in proportion with the size. The optimum parameter to 
synthesize LCO and STO NPs based on this research work is summarized in 
Table 8.1.  
Table 8. 1 The optimum parameter to synthesize LCO and STO NPs 
Parameter LCO STO 
Starting material Nitrate based compound Citrate based compound 
Annealing condition 600 ℃ for 45 min with 
pre-annealing at 300 ℃ 
for 3 h 
500 ℃ for 5 h 
pH 7 2 
Organic material Citric acid, ethylene 
glycol and ammonia 
Citric acid and ethylene 
glycol 
 
Electrical properties of the fabricated LCO and STO NPs were investigated 
based on aligning the NPs via dielectrophoresis technique at electrodes. The 
results showed that LCO and STO NPs acted as semiconductor material. 
Additionally, magnetic properties of LCO based compound were also 
investigated. Enhancement of magnetization were observed with reducing size, 
and, in the case of Sr doped to LCO, superconductivity is cancelled in NPs. 
Based on present study, there are indeed much more can be done and the 
following ideas were suggested for future study. 




Nanoparticles formation was successfully synthesized in this research work. 
Therefore, it is strongly suggested to apply the parameter to fabricate other 
nanomaterials with different properties (such as ferromagnetic, paramagnetic, 
antiferromagnetic, etc.). Thus, there are more prospect to use the material in wide 
applications.  
2. To apply the material as gas sensor/electric nose. 
Since this research work has introduced how to do nanoparticles alignment 
on an electrodes and conduct the electric property measurement based. Thus, it 
is suggested to apply the material as an electric nose (e-nose), to recognize some 
gases from air. Most metal oxide has semiconducting properties and tends to 
absorb moisture (surface functional group is –OH), therefore it can be utilized to 
sense the presence gas through the change of oxygen.  
3. To study the dielectric property of sample. 
In this research work, only dc electric properties is investigated. Since 
nanoparticles is expected to have large dielectric constant compared to their bulk, 
thus investigating the dielectric properties is worthy and may advantageous to be 
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